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ABSTRACT

Hengge, Neal N. M.S.A.B.E., Purdue University, August 2016. Enzymatic Liquefaction
of Untreated Corn Stover. Major Professor: Michael Ladisch.

There is an ever increasing need for renewable alternatives to fossil fuels derived from
petroleum. This makes feedstocks in the form of lignocellulosic biomass attractive
substrates for the production of ethanol and value added chemicals. However, the
economics of converting lignocellulosic materials involve high processing costs
attributed with pretreatment of the biomass and the use of enzymes for saccharification.
Corn stover was obtained for the examination of an upstream processing step to
transform the material into a pumpable slurry for subsequent pretreatment and
saccharification. Biomass liquefaction was carried out using the enzyme Depol 692L
(Biocatalysts, Wales, UK) at 50°C with a mixing speed of 290 RPM using a dualimpeller design. Solids were added in a fed-batch manner over a course of 8 hours to
reach a final solids concentration of 15% (w/v). Slurry viscosity was analyzed in real
time to determine the flowability of the mixture. Minor changes to the particle size
distribution were observed as liquefaction proceeded. A decrease in insoluble solids
concentration was seen in liquefied corn stover versus the control, which could help
explain the approximately 200 cP drop in viscosity over the control. When pretreatment
(190°C for 15 min. at 10% and 15% solids) of liquefied material was carried out, an

xiv
increase in glucose formation was seen over raw, pretreated corn stover. Total glucose
formation after pretreatment andenzyme hydrolysis (50°C and 2.5 FPU per gram glucan
of Cellic® CTec3) was higher for liquefied material than raw material.
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CHAPTER 1. INTRODUCTION

Lignocellulosic Bioconversion
There is an ever increasing need for renewable alternatives to fossil fuels derived
from petroleum. This makes feedstocks in the form of cellulosic biomass attractive
substrates for the production of ethanol and value added chemicals. Generally, the
conversion of lignocellulosic biomass to ethanol involves a five-step process as outlined
in Figure 1. After biomass processing, pretreatment (via dilute acid, steam explosion,
liquid hot water, etc.) is used to remove cellulose from the lignin barrier (Chen et al.,
2015, Yang et al., 2010, Kim et al., 2009). Cellulose can subsequently be hydrolyzed
with enzymes to produce simple sugars, which can then be fermented using yeasts or
bacteria that convert pentose and hexose sugars to ethanol.

Figure 1. Overview of the bioconversion of biomass to ethanol and other coproducts.
(Ladisch, et al., 2010).
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Enhancements are being studied for each step in the bioconversion process to make
it more economical and industrially feasible. Pretreatment in particular contributes to a
large portion of the overall costs associated with ethanol production. In terms of capital
investment, the pretreatment reactor accounts for approximately 19% of the total
equipment costs going into the plant (Wooley et al., 1999). A more recent analysis by
NREL on ethanol production from corn stover has pretreatment capital costs accounting
for approximately 13% of process equipment requirements (Humbird et al., 2011). This
discrepancy is due mainly to differences in waste treatment cost estimates. The focus of
this research was on the upstream steps of the bioconversion process, particularly
biomass processing and pretreatment. While most studies have aimed to improve
pretreatment techniques and post-pretreatment biomass properties, less has been done to
delve into alternative processing methods before pretreatment, providing a foundation for
which this study was built on.
Corn Stover
There are various agricultural feedstocks that hold potential for bioconversion
(Table 1). Corn stover in particular is an abundant feedstock, of which 100 million dry
tons are estimated to be sustainably produced annually in the U.S. (Graham, et al., 2007).
Corn stover consists of the material remaining after corn has been harvested, which
includes the leaves, stalk, pith, rind, and cobs. This material can be used as animal fodder
but is often unused. Like other agricultural biomass, corn stover is rich in carbohydrates,
which makes it a potential candidate for cellulosic ethanol production.
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Table 1. Estimated amount of sustainably harvestable biomass available in the US in
2030 at $60 per dry ton or less (U.S. Department of Energy, 2011).
Feedstock
Amount (million dry tons/yr)
Corn
140
Corn Stover
271
Wheat
36
Wheat Straw
46
Energy Crops (grasses, woody crops)
400-799
Like other agricultural residues, corn stover composition varies depending on the
source, plant maturity, storage time, and corn variety (Tao, et al., 2013). Table 2 shows
the ranges of key compositional substituents from three studies done by the National
Renewable Energy Laboratory (NREL).
Table 2. Corn stover composition ranges as reported by NREL studies.
Study
Aden, et al., (2002)
Templeton et al., (2009)
Weiss et al., (2010)

Glucan
29.0-41.0
26.5-37.6
32.4-35.5

Xylan
16.0-27.5
14.8-22.7
18.5-21.8

Lignin
14.0-30.0
11.2-17.8
11.2-14.9

Total Extractives
Not reported
5.7-30.8
8.0-11.3

Templeton et al, (2009) saw high variability in part due to the large number of
corn stover samples tested (508) and the range of states collected from (8). Aden et al.,
(2002) reported compositions of corn stover that had been stored outdoors for an
extended period of time. The inconsistency in corn stover composition is important to
understand when considering its potential for bioconversion.
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Figure 2. Corn-to-ethanol plant schematic (Ximenes et al., 2013).
Current corn-to-ethanol plants (Figure 2) utilize the corn kernel (a first generation
substrate) as the feedstock. A main consequence with this practice is the “food versus
fuel” controversy, in which people argue that using agricultural land for biofuel
production reduces the amount of land for food production (mainly for animals) and vice
versa. Analysis of the issue has shown that the production of cellulosic ethanol could
have little or even positive effects on animal food production (Dale, 2008). One solution
is to use a second-generation feedstock (one that does not double as a human food source
and is often unused altogether) such as corn stover for fuel production. Second generation
biofuels are more expensive to produce due to higher pretreatment costs (i.e. to remove or
disrupt lignin), but they can often come in higher quantities since many are underutilized.
In addition, animal feed sugars and protein can be co-produced along with cellulosic
ethanol, making bioconversion an even more enticing process (Dale, 2008).
Ethanol facilities already exist in Indiana as well as around the US (Table 3),
making it possible for current infrastructure to use corn stover as a substrate over corn
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kernels. Using the 2011 NREL technoeconomic analysis for lignocellulosic biomass to
ethanol conversion, estimated requirements and outputs can be calculated for a plant
(Humbird et al., 2011). Assuming a plant that requires 773,000 dry tons of corn stover
per year, a total of 350 plants could be supported using the corn stover availability
estimated in Table 1. With each plant producing 61 million gallons of ethanol each year,
the nameplate capacity would be over 21 billion gallons. Corn farmers would benefit
from an additional stream of revenue if corn stover were to be deemed valuable for
biofuel production. The aim of this study was to add value to the conversion of corn
stover to ethanol with the vision of providing an additional market for Indiana corn
growers to gain revenue. This aim is applicable since there exist economic analysis on the
harvesting of corn stover for ethanol production in Indiana in particular (Brechbill et al.,
2011). It was determined in this study that there are no costs attributed with collecting
corn stover other than those needed for nutrient replacement and harvesting activities.
The major issue facing this practice is the costs attributed to production and
transportation of corn stover. Therefore, a major point of concern is the uncertainty of
whether a certain farm will decide to pursue biomass collection and/or production for
biofuels (Brechbill et al., 2011). More precisely, this study aimed to improve process
economics for corn stover to ethanol conversion with the goal of attaining an industrially
feasible process that will incentivize farmers to participate in biomass production for
biofuels.
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Table 3. Ethanol facilities within the US by state with nameplate capacity (adapted from
the Renewable Fuels Association, Washington DC).
Region

Midwest

West

South

Northeast

State

Number of Plants

Illinois
Indiana
Iowa
Kansas
Michigan
Minnesota
Missouri
Nebraska
North Dakota
Ohio
South Dakota
Wisconsin
Regional Total
Arizona
California
Colorado
Idaho
New Mexico
Oregon
Wyoming
Regional Total
Florida
Georgia
Kentucky
Louisiana
Mississippi
Tennessee
Texas
Virginia
Regional Total
New York
Pennsylvania
Regional Total
Total US

16
14
45
13
5
22
6
26
5
7
16
10
169
1
7
4
1
1
3
1
18
2
2
2
1
1
2
4
1
15
2
1
3
205

Nameplate Capacity
(millions of gallons)
1,525
1,166
3,828
529
287
1,192
271
1,976
465
528
1,070
547
13,384
50
224
125
60
25
149
10
643
8
121
35
1
54
225
376
63
883
169
110
279
15,189
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Biomass Liquefaction
The focus of this research was to improve corn stover processing upstream of
pretreatment to improve biomass handling. This will be carried out using a technique
called biomass liquefaction, which is defined as being the transformation of solid
material into a pumpable slurry or liquid form. Liquefaction itself has been studied in the
current literature using various substrates. Jørgensen et al., (2006) developed a method of
enzymatic liquefaction using a rotating drum for mixing with wheat straw as the
feedstock. Others such as Varga et al. (2004) have done optimization studies with corn
stover to determine the required enzyme loading to achieve satisfactory ethanol yields.
Cunha et al., (2014) studied the feasibility of simultaneous saccharification and
fermentation (to achieve liquefaction) on sugarcane bagasse. A common theme in the
current literature studying biomass liquefaction is that the experiments have been carried
out after pretreatment, whereas this work aimed to achieve liquefaction before
pretreatment. This novel approach will challenge the core assumption in bioconversion
that all enzyme treatment must be done after pretreatment. The specific goals were as
follows:
1. Select an appropriate enzyme cocktail to carry out corn stover liquefaction.
2. Design a reactor for corn stover liquefaction, with focus on impeller design.
3. Determine a strategic fed-batch system for solids addition into the liquefaction
reactor.
4. Determine the effect of time, particle size, and solids concentration on slurry
rheology during corn stover liquefaction.
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5. Determine the effect of corn stover liquefaction on downstream pretreatment
and enzyme hydrolysis with respect to material composition and cellulose
conversion.
Overview of Experiments
To carry out this study, corn stover was collected from the Animal Sciences
Research and Education Center near Purdue University in October, 2015. The stover had
been ground to a smaller size with the use of a combine add-on, which makes stover
bailing simpler. The stover was stored in large plastic bags and dried before being stored
in a grain-bin to prevent large changes in moisture content. The corn stover was further
ground using a hammer mill using a ¼” screen to allow for finer grinding using a benchtop Wiley Mill to pass the material through a 40-mesh screen with a particle size
distribution of approximately 35µm to 460 µm. Liquefactions were carried out using
Depol 692L (Biocatalysts, Wales, UK) a commercial enzyme rich in endoglucanase
activity. Experiments were carried out using fed-bath additions of stover in sodium citrate
buffer (0.05 M, pH 4.7) and an enzyme loading (301 IU per gram dry corn stover) that
was reported in previous literature (Cunha, et al., 2014). Process conditions of 50°C and
290 RPM mixing using a dual impeller design were used. Slurry rheology and particle
size changes were analyzed throughout a 24-hour liquefaction run up to a maximum
solids concentration of 15% (w/v). Liquid hot water pretreatment on liquefied corn stover
was then carried out at 190°C for 15 minutes at solids concentrations of 10% (diluted
with water) and 15% (directly out of liquefaction) solids (Kim et al., 2009). Material was
subsequently hydrolyzed in 1.5 mL centrifuge tubes at 15% solids to determine glucose
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yields. The enzyme used for hydrolysis was Cellic® CTec3 with an enzyme loading of
2.5 FPU per gram glucan and process conditions of 50 °C and 700 RPM were used.
Compositional analysis was carried out on raw, liquefied, and liquefied/pretreated
material to determine the effect of liquefaction on stover material properties.
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CHAPTER 2. LITERATURE REVIEW

Approach
Before the study was carried out, a literature review was completed to provide a
template for process conditions including enzyme loading, mixing speeds, pretreatment
and hydrolysis conditions. The literature review also provided a summary of previous
work in the area of biomass liquefaction. Of particular interest were existing liquefaction
techniques, biomass slurry rheology studies, and enzyme properties. Focus was put on the
upstream bioconversion steps (biomass processing and pretreatment) since this study
aimed to improve those steps.
Ethanol Production from Lignocellulose
Cellulose is a primary constituent of all plant biomass and is the target for high
value chemical production. Cellulose consists of glucose monomers linked through β-1,4
glyosidic bonds, which can be targeted by specialized enzymes to break it down into
monomers. Bacteria or yeast then utilize glucose as a carbon source, with ethanol
produced as one of the cell byproducts. For optimal ethanol recovery, maximum glucose
production must be achieved. Therefore, the steps upstream of ethanol fermentation must
be tuned to successfully break down the cell wall structure. The pretreatment and
hydrolysis conditions will change depending on the feedstock being utilized. Table 4 lists
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several substrates that are often used for bioconversion processes and highlights the
change in biomass composition.
Table 4. Compositional make-up of different types of cellulosic biomass (Ximenes, et al.,
2013).
Feedstock
Composition
Cellulose
Xylan
Arabinan,
Mannan,
Galactan
Acetyl
Extractives
Protein
Lignin
Ash
Total

Bagasse

Pinewoodb

43.8
14.9

Switchgrass
33.2
21.0

39
21.8

40
8.9

0.0

5.6

3.2

2.6

19.6

4.7
3.0
N/A
29.1
1.0
101.7

3.6
3.6
N/A
29.1
1.1
93.8

2.5
10.2
5.7
17.9
3.7
97.4

3.3
5.7
0.5
24.8
3.9
101.6

NA
3.5
N/A
27.7
N/A
99.7

Corn
Stover
34.6
18.3

Red
Maple
41.0
15.0

Poplar

2.5
3.5
10.8
N/A
17.7
10.2
97.6

As shown, cellulose is not the only major constituent in biomass material. Lignin,
in particular, is a recalcitrant aromatic polymer that makes pretreatment of biomass
necessary. The presence of lignin in the cell walls of plants acts as a defense mechanism
against microorganisms and also provides structural rigidity (Bonawitz, et al., 2014).
While its presence is vital for plant proliferation, it provides a challenge to break down
the cell wall structure for bioconversion purposes. The enzymes that lignin protects a
plant against in nature are the very same enzymes needed during the hydrolysis step to
produce glucose (Himmel, et al., 2007). Therefore, the removal of lignin via pretreatment
has become a primary focus of cellulosic bioconversion optimization studies.
2.2.1

Pretreatment Methods

Pretreatment of biomass aims to disrupt the cell wall structure in preparation for
enzymatic hydrolysis. As seen in Figure 3, pretreatment will result in a more disordered
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array of the cellular structural components. Most importantly, the lignin seal that blocks
cellulase enzymes from binding to cellulose is removed or disrupted.

Figure 3. Simplified depiction of biomass pretreatment (Mosier et al., 2005).
Various pretreatment techniques have been developed to open up the cell wall
structure. Physical pretreatment such as grinding, milling, or other size-reduction
techniques can be employed to increase the surface area of biomass available for enzyme
conversion (Palmowski & Muller, 1999). Certain species of fungi are capable of
degrading the biomass using enzymes that attack cell wall components including lignin
(Agbor et al., 2011). Chemical pretreatments include combining biomass with acid or
alkaline solutions to alter the biomass structure. Physiochemical pretreatments include
steam, liquid hot water (LHW), and dilute acid (Chen et al., 2015, Yang et al., 2010, Ko
et al., 2014, Kim et al., 2009). Steam pretreatment utilizes high temperatures (between
160-240 °C) and pressures to open up the structure of biomass. If a reduction of inhibitor
concentrations is desired, LHW pretreatment may be carried out at lower temperatures
(between 180-190 °C). This also decreases the formation of other degradation products
(Kim et al., 2009).
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Other pretreatment methods with varying degrees of feasibility have also been
studied, including ammonia recycle percolation and lime pretreatment (Kim et al., 2006,
Yoon, et al., 1995, Chang, et al., 1998). The costs associated with the pretreatment itself
must be considered in tandem with the costs savings or increases required in downstream
processing, depending on the process of choice (Wyman, 1996). While pretreatment
technologies have improved significantly over the years, it still remains an energy
intensive (and therefore costly) procedure that would benefit from further enhancement
(Wyman, 1999, Guo, et al., 2015).
2.2.2

Corn Stover for Ethanol Production

One of the most plentiful agricultural residues available in the U.S. is corn stover
(U.S. Department of Energy, 2011). Corn-to-ethanol facilities are already dispersed
throughout the U.S. (see Table 1), providing infrastructure for adding value to products
from corn growers like stover. The Midwest region alone is home to 169 plants with the
capacity to contribute 13,384 million gallons of ethanol per year (Renewable Fuels
Association, 2016). Companies such as POET are already using corn stover as a sole
feedstock in their product streams. POET opened its first cellulosic ethanol plant in
Emmetsburg, Iowa in September 2014.
Corn stover consists of multiple structural components of the corn plant, which
makes its digestibility inconsistent. This can be attributed to the types of cells that form
each structure and how easily they are broken down. Work carried out by Zeng, et al.,
(2011) showed that the pith, which makes up the central portion of the corn stalk, is the
most easily digestible component of corn stover. On the other hand, the rind, which is the
outer section of the stalk, is more difficult to digest. The density of these structures varies
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dramatically as well, with pith taking up approximately 75% of the stalk volume but only
40-50% of the total weight. The rind is more dense and makes up 50-60% of the total
weight (Zeng, et al., 2011). Table 5 shows the three primary structural components along
with their unique compositional analysis.
Table 5. Composition of untreated stay-green corn stover components (Zeng, et al., 2011).
Component (%)
Glucan
Xylan/Galactan
Arabinan
Acid insoluble lignin
Acid soluble lignin
Total lignin
Ash
Total

Leaf
34.3
25.1
4.5
16.6
2.4
19.0
5.9
88.8

Rind
41.6
21.9
2.0
25.4
2.0
27.4
3.1
96.0

Pith
42.9
22.9
3.3
16.4
2.3
18.7
4.4
92.2

The variance in composition can cause stover to react inconsistently during
pretreatment and hydrolysis. This is important for tuning pretreatment conditions and
determining enzyme loadings for bioconversion.
For corn stover, or any lignocellulosic residue, to be considered a replacement for
petroleum based fossil fuels, the bioconversion process must be economically viable.
Certain criteria must be met to make the process efficient and cost effective.
2.2.3

Criteria for Economic Viability

There is no universal approach regarding the conditions to be used during
bioconversion (i.e. pretreatment method or hydrolysis enzyme cocktail) and current
options all have their own advantages and disadvantages (Menon and Rao, 2012).
However, there are certain criteria that must be met at each stage as outlined by Menon
and Rao, 2012. For pretreatment, major points of emphasis include minimal size
reduction procedures, a recovery of intact hemicellulose residues, minimal production of
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enzyme and fermentation inhibitors, and cost effectiveness. As mentioned before,
lignocellulosic residues vary in composition, which requires that pretreatment be
optimized for each type of biomass.
Enzyme saccharification is often performed in labs using commercially available
cellulase enzymes. The development of less expensive enzymes is key for this step to
become more economical. Menon and Rao (2012) and Klein-Marcuschamer et al., (2011)
highlight the obstacle of overcoming higher enzyme loadings for biomass hydrolysis
given the high cost of current enzymes. There is a challenge in the field that arises from
the lack of consistent prices for enzyme productions (Klein-Marcuschamer et al., 2011).
Klein-Marcuschamer et al., (2011) provide an enzyme bioprocess model that estimates
the cost of enzyme production at $10.14/kg. A model like this is important because it
allows a more robust techno-economic analysis to be carried out on the entire
bioconversion process (Ladisch, et al., 2014). For comparison, the cost of soy protein is
approximately $1.25/kg, making it one of the cheapest proteins on the market (KleinMarcuschamer et al., 2011). While the cost of cellulase enzymes for lignocellulosic
digestion will not realistically approach this price level, it can be seen that there is a wide
gap in the costs associated with protein production. Therefore, there is much room for
improving the production of enzymes as it relates to cost (Klein-Marcuschamer et al.,
2011).
Another practice that would aid the economics of bioconversion is to carry out the
process using high solids loadings (Menon and Rao, 2012). High solids is a term used to
describe a process with a 15% (w/v) solids loading or higher when there is little to no free
water available (Hodge et al., 2009). Working at high solids concentrations gives the
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potential to recover higher ethanol concentrations in the product stream as a result of
increased sugar formation (Humbird et al., 2010, Hodge et al., 2009). It has been reported
that a target of 30% (w/v) solids should be met in order to reach an economically
acceptable concentration of ethanol, which is in the range of 85 g/L (Kim, et al. 2015).
Note that a solids loading of 300 g/L (30%) will consist of approximately 60%
fermentable sugars, which will be converted to ethanol and carbon dioxide in equal
proportions (Guadalupe-Medina, et al., 2013). Therefore, half of the mass of total sugar
can be converted to ethanol assuming 100% conversion (Jørgensen et al., 2006).
Reaching high solids loadings can be a difficult challenge due to various phenomena, as
will be explored in the next section.
Rheological Properties of Biomass Slurries
The process of converting biomass feedstocks to ethanol requires the handling of
slurries with high solids concentrations. Slurries of solids concentrations of about 30%
(w/v) are needed for efficient ethanol yield (Kim et al., 2015). The formation of a slurry
is required in both the pretreatment and hydrolysis steps in order to carry out the
chemical reactions to open up the biomass structure and produce glucose for fermentation
(Viamajala et al., 2009). Starting with the pretreatment step, previously dry biomass is
mixed in a liquid medium to form the slurry. Slurries high solids concentrations usually
exhibit thick, paste-like properties at this stage that make them difficult to handle and
transport from one unit operation to the next. This leads to issues with mixing the slurries
to achieve adequate mass and heat transfer along with enzyme contact with substrate
during the enzyme hydrolysis step (Viamajala et al., 2009).
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Localized accumulation of biomass within a reactor can also occur as a consequence of
poor mass transfer (Viamajala et al., 2009). To make matters more complex, the rheology
of the slurry will undergo large changes as the chemical reactions proceed in each step.
For instance, as biomass is broken down in pretreatment, smaller particle sizes will begin
dominating the bulk liquid phase of the slurry, which can lead to a change in viscosity
(Viamajala et al., 2009). This arises as chemical structures that make up the plant cell
wall are successively broken down during the bioconversion process, resulting in a
change to the physical properties of the biomass in the slurry (Viamajala et al., 2009). By
the end of the hydrolysis step, the slurry will include less insoluble solids and will
resemble a more pourable medium (Crawford et al., 2016).
A major focus of research has been dedicated to understanding the complex
rheology of biomass slurries during the conversion process (Pimenova and Hanley, 2003,
Pimenova and Hanley, 2004, Viamajala et al., 2009). In these cases, corn stover was the
biomass of interest and the studies show that corn stover slurries are shear thinning,
meaning that an increase in shear rate results in a lower apparent viscosity. This
phenomena can be advantageous because it implies that initially mixing the slurry will
require the most energy but mixing it at higher rates will require less input. However, the
overall “mixability” of the slurry will depend on factors such as particle size (Dasari &
Berson, 2007, Ganesan et al., 2008), particle shape (Guo et al., 2012), and solids
concentration (Viamajala et al., 2009).
2.3.1

Particle Size and Shape Effects

Lignocellulosic biomass has been described most commonly as cylindrical or rodlike in shape. At high solid loadings, these fibrous particles collide more often causing
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possible entanglement, which can lead to the accumulation of particles within the slurry
(Switzer & Klingenberg, 2004). The effect of particle size on slurry rheology can be very
large. Studies on sawdust (Dasari & Berson, 2007) showed that decreasing the particle
size distribution in a 10% (w/w) slurry from a range of 150 μm – 180 μm to a range of 33
μm -75 μm resulted in a large drop in slurry viscosity (Figure 4). In addition, glucose
yields after enzyme hydrolysis were 50% higher when using 33 μm - 75 μm sized
particles over 590 μm – 850 μm particles.
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Figure 4. Effect of sawdust particle size distribution on slurry viscosity under a constant
shear rate of 10.8 s-1 (Dasari & Berson, 2007).
Similar trends were observed for corn stover slurries by Viamajala et al., (2009).
This study observed that corn stover milled to a finer particle size (80 mesh) had a lower
apparent viscosity than larger particles (20 mesh) at the same solids loading. This result
was explained by the theory that smaller particles will not trap as much water since fewer
macro-pores are available, which allows more free water to be made available. More free
water results in fewer particle-particle interactions, which will cause a drop in viscosity.

19
It has been observed in non-biomass slurries that the opposite effect is seen, where larger
particles result in lower viscosity (Roh, et al., 1995). However, Viamajala et al., (2009)
attribute this discrepancy to the fibrous nature of biomass, which shifts the importance of
particle size on apparent viscosity onto particle shape and free water availability.
Particle shape can also play a large role in biomass slurry rheology due to the
irregular and inconsistent morphology of lignocellulosic residues (Guo et al., 2012). For
one, particles of different shapes will also have a different surface area-to-volume ratio,
which has major implications regarding heat and mass transfer (Lu et al., 2010). Particles
with cylindrical or needle shapes that are paired with having large aspect ratios were
shown to have a high angle of internal friction (Podczeck & Miah, 1996).
2.3.2

Effect of Solids Concentration

At high solids concentrations, interactions become more common between
particles with possible frictional collisions effecting slurry rheology (Stickel & Powell,
2005). Generally, increased solid concentrations will result in higher slurry viscosity.
Einstein (1956) developed an initial relationship between viscosity and solids
concentration, which was modified by Liu and Masliyah (1996) to include the Einstein
constant. This is shown in Equation 1:

𝜇𝜇𝑟𝑟 = 1 + 𝑘𝑘𝐸𝐸 ϕ
where µr is the relative viscosity, kE is the Einstein constant, and ϕ is the solid
concentration expressed as a volume fraction of the solid phase. This relationship was
developed assuming the particles resembled perfect spheres and the suspension was

(1)
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dilute. Batchelor and Green (1972) developed an extended equation to be used for more
dense suspensions. This model is given in Equation 2,

µr = 1 + kEϕ + kHϕ2

(2)

where KH is the Huggins constant. Other relationships exist for even higher solids
concentrations, which predict a concave-upward trend in viscosity with higher solids
loading (Figure 5).

Figure 5. Viscosity versus solids concentration (volume fraction) relationships from
various suspension models (Stickel & Powell, 2005).
However, these models describe scenarios in which particles resemble
monodisperse spheres. Biomass slurries contain non-spherical particles, which will
behave differently. To account for suspensions containing more irregular particle shapes,
more complicated models must be used. Chang and Powell (2002) developed a model
that predicts viscosity based on a particles sphericity, which is different for particles
shaped as spheres, cylinders, disks, cubes, or rectangles.
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Actual viscosity measurements taken of corn stover slurries were carried out by
Viamajala et al., (2009), which showed a linear increase in viscosity until a ‘critical
solids loading’ was reached at which point the viscosity remained constant with
additional solids. At this critical loading, little or no free water remains in the slurry.
Pimenova and Hanley (2004) determined viscosity profiles for corn stover slurries
ranging from 5% to 30% solids (w/v) as seen in Figure 6.

Figure 6. Viscosity versus shear rate for corn stover slurries (Pimenova and Hanley,
2004).
At shear rates around 4-5 1/s (which will be utilized in this work), viscosities
range from 0.1 Pa s to 200 Pa s for 5% and 30% slurries respectively. These slurries had
been pretreated with dilute acid prior to rheological testing.
Similar tests were carried out by Cunha et al, (2014) on bagasse slurries that were
liquefied with enzymes only or liquefied with a combined enzymatic and biological

22
approach. Steam treated bagasse at a solids concentration of 30% (w/v) was used. These
results can be found in Figure 7.

Figure 7. Change in viscosity with respect to shear rate after 24 (upper curve) and 48
hours (lower curve). (▴, ■) Enzyme liquefaction at 32 and 50 °C or (Δ, □) enzyme
combined with microbial liquefaction (Cunha et al., 2014).
This result showed a decrease in viscosity as liquefaction time proceeded as well
as a lower viscosity in slurries treated both enzymatically and biologically. Overall, the
viscosities were in the same range at shear rates of 4-5 1/s as reported by Pimenova and
Hanley, (2004). Both viscosity profiles illustrate the typical shear thinning behavior
observed for biomass slurries. This is evidenced by the decrease in apparent viscosity
with increasing shear rate. The consequences of this property are discussed in the next
section.
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2.3.3

Shear Thinning Characteristics

Viamajala et al., (2009) and others have characterized corn stover slurries as shear
thinning in nature (Stickel, et al., 2009). This designation arises from the tendency of the
apparent viscosity to decrease as shear rate increases. Newtonian fluids (i.e. water) have
constant apparent viscosities at all shear rates and shear thickening slurries show an
increase in apparent viscosity with higher shear rates (Brookfield Engineering). Figure 8
shows this relationship graphically.

Figure 8. Viscosity vs. shear rate curves for different types of fluids (“Viscosity of
Newtonian and onn-Newtonian Fluids”, Rheosense).
Shear thinning materials are difficult to mix when the shear rate is low but take
less energy to keep moving at high shear rates. It has been suggested that these types of
slurries cannot be efficiently mixed using traditional impellers since high energy input
would need to go into keeping the material mixing at an adequate speed (Stickel, et al.,
2009).
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2.3.4

Rheology Measurement for Cellulosic Feedstock Slurries

From the current literature, there is no universal method for measuring viscosity
profiles of cellulosic biomass slurries. Especially, at high solids loadings, traditional
methods of measuring rheology are difficult to enforce. For example, the use of a
traditional viscometer is not ideal for slurry rheology due to the torque limits on most
instruments. Using most spindles with a rheometer will result in inadequate mixing,
which leads to erroneous results. One major obstacle for accurate viscosity measurement
is the tendency of biomass particles to settle out of solution (Pimenova & Hanley, 2003).
Due to this characteristic, data obtained using traditional rheometers are of little value
when measuring slurries (Kemblowski & Kristiansen, 1986).
Various methods have been used to produce viscosity profiles of biomass slurries
using torque rheometers as well as cone and plate, vane spindle, and parallel plate
rheometer geometries (Samaniuk et al, 2011), (Stickel et al., 2009), (Crawford et al.,
2016), (Dasari & Berson, 2007), (Viamajala et al., 2009). However, these methods do
not closely simulate the reactor in which the slurry will be mixed on a bench or industrial
scale. Therefore, the flow patterns of particles will not be consistent between a rheometer
test and actual process conditions (Pimenova & Hanley, 2003).
To overcome this issue, studies have been carried out to measure biomass slurry
rheology using indirect or ‘relative’ measurement techniques instead of with a rheometer.
Bongenaar et al., (1973) appear to be the first group to use an overhead mixer to measure
torque, which is then used to predict viscosity. Referred to as the impeller method, this
routine overcomes multiple issues including biomass particles being too large for plate
geometries, accumulation of biomass near measurement surfaces, and biomass settling
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out of solution. Bongenaar et al., (1973) state that while this method is less fundamental,
it is a more reproducible measure of changes to slurry viscosity. The experimental design
can be seen in Figure 9.

Figure 9. The impeller method for rheology measurement using a torque meter
(Bongenaar et al., 1973).
Relative measurement methods have been used by others since the initial concept
was proposed (Kemblowski and Kristiansen, 1986), (Metz et al., 1979). Pimenova and
Hanley (2003) measured the viscosity of corn stover slurries using a helical impeller,
which was specially designed for torque rheology measurements. Kemblowski and
Kristiansen (1986) claim that the impeller method, while not able to capture the complex
rheological properties using the equations outlined by their work and those previous, does
provide a reliable technique that can produce “internally consistent results”. This is to say
that the impeller method is ideal for analyzing changes to slurry rheology and comparing
patterns over a time course related to a specific set of experiments. This method also
allows for viscosity to be measured in real-time, which is useful given the expected
changes to slurry rheology during processing. Another problem this method overcomes is
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the difficulty of obtaining a representative sample for off-line rheometer measurements
(Olsvik & Kristiansen, 1993). No samples need to be taken using an impeller method and
process conditions (temperature, mixing pattern, etc.) are ensured to be consistent.
Biomass Liquefaction
The handling of dry, bulky biomass is an issue facing lignocellulosic bioconversion
practices (Ladisch & Tsao, 1986). Lignocellulosic biomass such as corn stover is more
difficult to convert to fuel than feedstocks such as corn kernels and soybeans. In addition,
these agricultural residues are less energy dense, which result in higher costs attributed
with transportation, handling, and storage (Brown & Brown, 2012). This is a problem if
current corn-to-ethanol facilities are to be used for cellulosic substrates in the future since
the processing requirements will be different (Brown & Brown, 2012). Currently, a
device such as a screw conveyer transports the dry biomass into a pretreatment reactor,
where its structure is altered under high temperature and pressure conditions. These
conditions make the addition of solid material into the pretreatment reactor difficult. It
has been suggested that pumping biomass directly into the reactor would require less
operating costs and could improve processing (Atchison, 2003). The pretreated material
itself can have limited followability above solids concentrations of approximately 10%
(Jørgensen et al., 2006). If this material could be liquefied to form a more homogenous
and flowable slurry, the goal of higher solid loadings might be achieved (Jørgensen et al.,
2006).
2.4.1

Liquefaction Techniques

Liquefaction of biomass has been studied mainly for its potential for bio-oil
production via thermochemical conversion. This process is carried out after biomass

27
pretreatment in a temperature range of 250-400 °C and pressure range of 5-20 MPa
(Huang & Yyan, 2015). The product is known as bio-oil consisting of acids, alcohols,
ketones, phenols, and other compounds (Elliot et al., 2015). A variation of the process,
enzymatic liquefaction, aims to break down biomass using specialized enzymes and mild
temperatures. The goals of liquefaction (thermochemical or enzymatic) are to reduce the
polymer chain length within the biomass structure to shorter or monomeric units
(Jørgensen et al., 2006).
2.4.1.1 Thermochemical Liquefaction
Thermochemical liquefaction of biomass has been carried out on lignocellulosic
residues and other forms of biomass. Huang et al., (2013) tested rice straw, sewage
sludge, and microalgae for conversion potential at 356 °C and 9.4-10.1 MPa for 20
minutes. The conversion yields for rice straw (the only lignocellulosic substrate tested)
was approximately 75%, which was lower than microalgae (80%) but higher than sewage
sludge (54%). However, the caloric value of the bio-oil produced varied depending on the
substrate composition. Longer chain hydrocarbons were produced during liquefaction of
microalgae and sewage sludge (in the range of 17-20 chain length) while rice straw
liquefaction produced primarily 8 carbon molecules. Particle size does not appear to have
a large effect on bio-oil yields (Akhtar et al., 2011). Zhang et al., (2009) cut grassland
perennial biomass into 1 in. lengths or ground to 0.5 and 2 mm screens and treated the
samples at 350 °C and 374 °C for 10 minutes. Size reduction showed no improvement on
liquid bio-oil yields at either condition. Pacific Northwest National Laboratory (PNNL)
reported on the material properties of biomass leading up to thermochemical processing.
Particle size is of particular interest due to pumping concerns. According to the report,
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particle size does not appear to have an effect on bio-oil production. While it was found
that biomass of smaller particle size distributions could likely be pumped up to a solids
loading of 15% (w/v), larger particle size s could result in a non-pumpable slurry due to
the fibrous nature of the biomass, which can result in entanglement and bridging of pipe
openings (Berglin et al., 2012).
2.4.1.2 Enzymatic Liquefaction
Liquefaction is thought to be a method for which to overcome the challenges
associated with operating the bioconversion process at high solids concentrations
(Jørgensen et al., 2006). The action of enzymes on the biomass cell wall results in a
slurry being formed with more manageable properties. The viscosity of the slurry will be
lower and a more homogeneous mixture will be formed. These improved rheological
conditions will result in lower power consumption during mixing and higher conversions
as a result of increased solids concentrations being achieved (Jørgensen et al., 2006). For
the most part, existing studies focus on the stream entering or undergoing the hydrolysis
step. Highlights of these studies will be outlined in the next sections.
2.4.1.3 Fed-batch Strategies
Varga et al. (2004) carried out liquefaction using a simultaneous saccharification
and fermentation (SSF) by combining pretreated corn stover with enzyme concentrations
between 14.5-43.5 FPU/g cellulose and reaching solids concentrations of up to 17% (w/w)
and ethanol concentrations of 52 g/L. The motivation behind this study was to study
ethanol yields using a specific pretreatment and prehydrolysis step. A key feature of the
work done by Varga et al. (2004) and others is the use of a fed-batch strategy to carry out
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liquefaction (Rudolf et al., 2005), (Cunha, et al., 2014). This strategy allowed the slurry
to have improved mixing conditions and a higher overall solids concentration to be
achieved. Varga et al. (2004) increased the solids concentration by approximately 3%
(w/w) every 5 hours to allow for the mixture to become “sufficiently liquidized”. Cunha,
et al., (2014) was interested in increasing endoglucanase enzyme production by fungi
during a SSF step to improve bagasse slurry rheology at high solids loadings in what was
termed an ‘enzymatic and biological liquefaction’. Solids were added in 4 g increments at
0, 1, 2, 3, 6, and 9 hours and an additional 6 g at 12 hours to reach a final solids loading
of 30% (w/v) using SSF. Slurries with a viscosity of 0.3 Pa s at a shear rate of 100 s-1,
which was lower than for slurries being treated with enzyme alone. Both of these studies
took place using 500 mL and 250 mL beakers respectively with mixing coming from
bench top overhead stirrers. Rudolph et al., (2005) carried out SSF runs in a 2.5 L reactor
with an initial solids loading of 6% pretreated spruce. Different time intervals between
solids additions (1.5, 3, and 5 hours) were tested. The motivation here was to compare
batch with fed-batch additions of solids as well as different cell mass concentrations to
attempt to optimize the process by using as little yeast as possible. Ethanol productivity
during the first 24 hours of fermentation was found to be higher for fed-batch
experiments than batch experiments. The conclusion was that fermentation inhibitors
were reduced since glucose production was slower, allowing for more continuous uptake
of glucose for fermentation. This allowed for higher enzyme activity due to glucose
inhibition being lowered.
It should be noted that the liquefaction studies found in the current literature use
pretreated feedstocks as the substrate. After pretreatment, the biomass structure will have
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more accessibility for enzyme action such as during liquefaction. The enzyme cocktails
used for liquefaction can vary depending on the substrate and desired activities. Rudolf et
al., (2005) used Novozyme 188 with high β-glucosidase activity and Celluclast 1.5L with
high cellulase activity. Cunha et al., (2014) used Endoglucanase C to take advantage of
the high endoglucanase activity. Enzyme activities and criteria for enzyme selection will
be discussed in section 2.5.
2.4.1.4 Mixing Strategies
Power consumption is a major variable to consider when designing a reactor
(Ascanio et al., 2004). High power consumption will result in high costs during
processing. A common way to measure power consumption in stirred tanks is to measure
the torque being applied to the impeller shaft (Ascanio et al., 2004). The power
consumption can then be calculated by using equation 3.

𝑃𝑃 = 𝑇𝑇 ∗ 𝜔𝜔

(3)

where P is the power consumption (watts), T is the torque being applied to the impeller
shaft (Ncm), and 𝜔𝜔 is the angular velocity of the impeller as defined by equation 4.
𝜔𝜔 = 2𝜋𝜋𝜋𝜋
where N is the mixing speed (RPM).

(4)
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This method is useful for bench-top scale studies with lower power draw ranges
(Ascanio et al., 2004). This makes it a commonly used relationship when considering
reactor design specifications for biomass slurry mixing. Typical industrial scale processes
have specific power consumption ranging between 1-5 kW/m3 (Dasari et al., 2009).
As previously mentioned, mixing slurries at high solids is a major obstacle facing
lignocellulosic bioconversion. Increased power consumption can occur due to higher
slurry viscosity, which requires higher mixing speeds to homogenize (Palmqvist, et al.,
2011). Inadequate mixing within the reactor can result in stagnation and inefficient
conversion (Corrêa et al., 2016).
Jørgensen et al., (2006) used a specialized rotating drum to overcome mixing
challenges with traditional impellers. This method allowed a solids concentration of up to
40% (w/w) to be reached using SSF conditions with an enzyme loading of 7 FPU/g dry
matter, which had been the highest reported solids loading at the time of publishing. The
goal was to achieve a pumpable slurry from intact straw particles of lengths of 1-5 cm. It
was interesting that using this reactor design could utilize low mixing speeds since no
significant increase in glucose conversion or ethanol production between speeds of 3.3
and 11.5 RPM.
To achieve adequate mass transfer and limit power consumption using overhead
mixers, the impeller configuration is key parameter to consider. Corrêa et al., (2016)
published a methodology for selecting an impeller configuration for the hydrolysis stage
of sugarcane bagasse. In this study, four impeller configurations were tested to determine
if there was any effect slurry homogeneity and power consumption. Three types of
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impellers (up-pumping elephant ear, down-pumping elephant ear, and Rushton turbine)
were used to make up the four configurations as seen in Figure 10.

Figure 10. Four impeller configurations tested by Corrêa et al., (2016) for sugarcane
bagasse slurry mixing. From left to right: DIC1, DIC2, DIC3, DIC4.
While Rushton impellers are limited to providing radial flow (side to side mixing),
the pitched-blade elephant ear impellers provide both radial and axial flow (up and down
mixing) (Bustamante, et al., 2013). To achieve this flow pattern, each blade is inclined at
a 45° angle. In the study, Corrêa et al., (2016) found that the configuration using two
elephant ear impellers gave the best homogenization in a 10% (m/v) bagasse slurry using
a 3 L spherical bottom reactor. With an up-pumping impeller on bottom and a downpumping impeller on top, the bagasse slurry showed lower mixing time, increased
glucose yields, and lower power consumption than each of the other three tested
configurations. Power consumption from the first hour of reaction can be found in Figure
11.
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Figure 11. Power consumption versus hydrolysis time for different impeller
configurations in a 10% (m/v) sugarcane bagasse slurry (Corrêa et al., 2016).
It can be seen from these results that power consumption is greatest at the
beginning of hydrolysis and decreases as the reaction proceeds. This was explained by
the change in slurry viscosity as hydrolysis occurred. A similar trend was seen for corn
stover slurries by Dasari et al., (2009). While the dual elephant ear impeller was shown to
have the highest initial power consumption (due to more power required to achieve
homogenization), the power consumption required dropped to the lowest of the four
configurations in less than 30 minutes of hydrolysis. It was observed that this impeller
configuration provided mixing throughout the slurry even at the beginning of hydrolysis
where the other three configurations resulted in stagnation along the beaker sides (Corrêa
et al., 2016).
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2.4.2

Summary of Literature Review on Biomass Liquefaction

Despite existing research on biomass liquefaction involving thermochemical and
enzymatic methods, there don’t appear to have been any studies of methods to liquefy
untreated biomass. All the studies mentioned in this section, and others found in the
current literature, aim to liquefy pretreated biomass. This is likely due to the recalcitrant
properties of unpretreated lignocellulosic material, which will resist enzymatic hydrolysis
and other liquefaction procedures more than pretreated material. However, there would
be great value in finding a method to liquefy biomass before pretreatment in order to
pump a slurry directly into a pretreatment reactor to achieve higher solids concentrations
and reduce capital costs associated with the reactor. Potential reactor changes include a
smaller volume tank due to less liquid needed for pretreatment and less space being taken
up by dry, bulky biomass as well as enhanced mixing apparatus’s to mix slurries with
improved rheology.
Major challenges will include adequately mixing the slurry at high solids
concentrations and selecting an enzyme that can break down the cell wall structure
despite its recalcitrant nature. Enzyme activities that apply to lignocellulosic breakdown
will be discussed in section 2.5.
Enzymes for Lignocellulosic Breakdown
The hydrolysis stage in the typical bioconversion process occurs after pretreatment
to produce monomeric sugars for fermentation by microorganisms to ethanol and other
products (Ladisch, et al., 2010). The hydrolysis and fermentation steps can also occur
simultaneously by using the fermentation organism to produce enzymes directly (Ladisch,
et al., 2010).
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To break down lignocellulosic material, cellulase enzymes are used during the
hydrolysis process (Sun & Cheng, 2002). Three major cellulase enzymes with different
activities are utilized sometimes as an enzyme “cocktail”, which contains different levels
of activity of each type of cellulase. The three types are endoglucanase, exoglucanase,
and β-glucosidase (Coughlan & Ljungdahl, 1988).
Hemicellulases are enzymes that can be used to break down hemicellulose in
biomass. Activities include glucuronidase, acetylesterase, xylanase, β-xylanase,
galactomannanase, and glucomannanase (Duff & Murray, 1996). This section will focus
on cellulolytic enzymes, which will provide hydrolysis to the cellulosic fraction of
lignocellulose, the most abundant fraction in the biomass.
2.5.1

Role of Individual and Combined Activities on Cell Wall Hydrolysis

Most commercial cellulolytic enzyme preparations are derived from fungi that
produce them to gain access to cellulosic cell walls. Species that are commonly utilized
include Sclerotium rolfsii and P. chrysosporium, and various types of Trichoderma and
Aspergillus (Sternberg, 1976), (Duff and Murray, 1996).
These preparations are often mixtures of the three major cellulase enzymes.
Endoglucanse (EG, endo-1,4-D-glucanohydrolase or EC 3.2.1.4) targets cellulose
specifically at the internal locations of the chain (Duff & Murray, 1996). Cleaving
glycosidic bonds internally forms shorter chain cellulose molecules, which increases the
number of reactive ends available to other cellulases (Sun & Chen, 2002). Exoglucanase
(cellobiohydrolase, CBH, 1,4-β-D-glucan cellobiohydrolase or EC 3.2.1.91), attacks
cellulose at the reactive ends of the chain to produce cellobiose, a two-glucose unit.
Finally, β-glucosidase (EC 3.2.1.21) can cleave the glycosidic bond in cellobiose to form
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glucose monomers (Duff & Murray, 1996). Fungi produce these enzymes in different
concentrations and with different variants of each enzyme to allow them to work in
synergy in breaking down cellulose (Singh & Hayashi, 1995), (Duff & Murray, 1996).
Individually, these enzymes would be very inefficient at hydrolyzing cellulose (Lenting
& Warmoeskerken, 2001).
For the processing of biomass, enzyme cocktails with specific ratio of activities
are often desired. For instance, Varga et al., (2004) and Jørgensen et al., (2006) used a
combination of the enzyme cocktails Celluclast 1.5L and Novozyme 188 on corn stover
and straw processing respectively. This is done to combine the activities of both enzymes
to maximize glucose formation. Celluclast 1.5L is reported as having a β-glucosidase
activity of 30.7 CBU and cellulase activity of 63.8 FPU/mL while Novozyme 188 has a
β-glucosidase activity of 626.4 CBU. Jørgensen et al., (2006) used Celluclast 1.5L and
Novozyme 188 in a 5:1 weight ratio for a final cellulase activity of 83 FPU/g. Varga et al.,
(2004) added the enzymes so that a 1:1 ratio of β-glucosidase activity to cellulase activity
was being achieved. Cunha et al., (2014) used the cocktail Endoglucanase C, which
contained an endoglucanase activity of 417 IU/mL and β-glucosidase activity of 19 CBU.
This enzyme was used to promote improved slurry rheology rather than to achieve
glucose production. The bagasse slurry was loaded with 301 IU per gram dry bagasse.
2.5.2

Inhibition of Cellulase Activities

Plants are made up of cells that are naturally recalcitrant. They that have evolved
to resist outside organisms from gaining access to the sugar components that make up
their structures. Plants have multiple defenses against intrusive organisms, the most
prominent one being a high degree of lignification (Himmel, et al., 2007). Not only does
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lignin provide a physical barrier to block cellulolytic enzymes from access to cellulose, it
has also been shown to unproductively bind cellulases itself. Studies have been done in
attempt to “cover” lignin with an additive such as bovine serum albumin (BSA) to
overcome this issue (Yang and Wyman, 2006) (Ko et al., 2014).
Synergistic enzyme reactions are key to maximize hydrolysis. The presence of βglucosidase, for example, is key to prevent the accumulation of cellobiose, which has
been shown to inhibit other cellulase activities (Xin et al., 1993). Glucose has also been
shown to inhibit β-glucosidase (Ximenes et al., 2013). Therefore, SSF is carried out in
order to deplete the concentration of glucose accumulating in the slurry by converting it
to ethanol (Ximenes et al., 2013).
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CHAPTER 3. MATERIALS AND METHODS

Study Preparation
3.1.1

Corn Stover Collection

Corn stover was collected from the Animal Sciences Research and Education
Center near Purdue University in October 2015. The stover had been ground to a smaller
size with the use of a combine add-on, which makes stover bailing simpler. The stover
was collected in bags and transported to the main Purdue University campus where it was
dried for 24 hours in a convection oven at 45 °C. The material was still too large for lab
scale experiments and was further processed using a hammer mill using a ¼ inch mesh
size in the Agricultural and Biological Engineering building at Purdue University.
Enzyme Selection
As discussed in the literature review, there are a variety of cellulolytic enzymes
with different specific activities. For this study, an enzyme with high endoglucanase
activity was desired because of its ability to hydrolyze cellulose specifically at the
internal locations of the chain. This action would result in shorter length cellulose chains,
which could reduce the slurry viscosity. This is based on the reporting of Viamajala et al.,
(2009) who claimed that long fiber chains in biomass could contribute to high viscosity
slurries. A previous enzyme cocktail used for biomass liquefaction was Endoglucanase C
by Cunha et al, (2014). Endoglucanase C (Genencor Division of Danisco, Rochester, NY)
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was found to have an endoglucanase activity of 417 IU/mL and a β-glucosidase activity
of 19 CBU. This enzyme cocktail was obtained commercially but had been taken off the
market by the time of this study. To ensure reproducibility by other research groups, a
commercially available enzyme was sought to carry out liquefaction. A set of criteria
were developed to determine the ideal enzyme cocktail. They were as follows:
1. Commercially available
2. High endoglucanase activity
3. Low β-glucosidase activity
Since this study aims to carry out liquefaction before biomass pretreatment, there is
no desire to produce glucose at such an early stage. Subsequent pretreatment would likely
degrade any glucose present, which would result in the accumulation of fermentation
inhibitors. Therefore, low β-glucosidase activity became the third criteria to be satisfied
when selecting an enzyme. Based on commercial availability and general enzyme
information provided by manufacturers, the enzyme Depol 692L was selected for trial to
determine its specific activities. Using standard assays, Depol 692L was found to have an
endoglucanase activity of 409 IU and a β-glucosidase activity of 81 CBU. With
comparable endoglucanase activity and higher but still considered low β-glucosidase
activity, Depol 692L was selected as the enzyme cocktail to carry out corn stover
liquefaction in this study. More detailed assay results and a side-by-side comparison with
Endoglucanase C can be found in Table 6.
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Table 6. Enzyme activities of cellulase cocktails.
Enzyme

Protein Conc.
(mg/mL)
37
129

Depol 692L
Endoglucanase
C1
1
Cunha et al., (2014)

Cellulase
(FPU)
18
19.2

Endoglucanase
(IU/mL)
408
417

β-glucosidase
(CBU)
81
19

Since no literature relating to liquefying biomass prior to pretreatment was found,
initial conditions were determined based on previous studies done on biomass
liquefaction after pretreatment. Since the material was unpretreated corn stover and no
optimization studies had been done, experiments were run at high enzyme loadings as a
proof of concept measure. Cunha et al., (2014) used an enzyme concentration of 301 IU
per gram of dry bagasse. This enzyme loading was also used for liquefaction of untreated
corn stover.
Reactor Setup
Liquefaction runs were carried out in 600 mL KIMAX beakers that were capped
with a custom made stopper (Figure 12).
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Figure 12. Custom rubber stopper design with impeller shaft tunnel in the center. The
smaller stopper on the right fits into a hole that allows for biomass solids addition.
The stopper was designed to allow an impeller shaft to run through the center for
mixing within the reactor. Mixing was carried out using a dual-impeller design with two
elephant ear impellers (Cole-Parmer, Vernon Hills, IL). The impellers had a 2-inch
propeller blade and a ¼-inch shaft bushing. The impellers were modified using plyers to
have a 45° pitch to achieve the desired axial and radial mixing pattern. An up-pumping
elephant ear impeller was located on the bottom of the shaft and a down-pumping
elephant ear impeller was located above it at a distance equal to the blade diameter. The
impeller design can be seen in Figure 13.

Figure 13. Dual impeller design for liquefaction experiments.
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The impeller shaft was secured into the fitting on an overhead mixer (IKA,
Wilmington, DE), which was run continuously at 290 RPM. The beakers were placed in a
water bath (VWR, Radnor, PA) set to keep the temperature constant at 50 °C.
Process Control and Data Acquisition with Labworldsoft®
To control impeller speed and acquire torque data, the software Labworldsoft®
(IKA, Wilmington, DE) was purchased. Virtual instruments (VIs) can be created using
this software to carry out these functions. The VI created for this study included a speed
control function to ensure that both overhead mixers were running at 290 RPM. This VI
also allowed for the recording of torque measurements in real-time. Data was recorded
every half-second for the duration of all liquefaction runs and written to an Excel
spreadsheet. This torque data was later used to determine viscosity of the slurry using a
method explained in Section 3.4.2. Figure 14 shows a screenshot of the VI used for corn
stover liquefaction experiments.

Figure 14. Labworldsoft® VI used for process control and data acquisition.
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For step-by-step instructions on how this VI was created, see SOP 7 in the
appendix.
Liquefaction Methods
Sodium citrate buffer (0.05 M, pH 4.7) was prepared and 300 mL was added to
each 600 mL beaker. Depol 692L (Biocatalysts, Batch #:11687615, Wales, UK) was
added to the buffer solution to achieve a final enzyme concentration of 301 IU
endoglucanase per gram of dry corn stover (Cunha et al, 2014). Since the endoglucanase
activity was found to be 408 IU/mL, a total of 33.15 mL of enzyme was added to the 300
mL of buffer. The buffer-enzyme solution was allowed to reach 50 °C in a water bath
before solids addition began. Corn stover that had been milled through a 40-mesh screen,
was added in 5 g dry matter increments every hour (including at 0 hours) until the desired
solids concentration had been reached. In this case, a final solids loading of 150 g/L (15%
w/v) was attained with nine solids additions. Solids were added by removing the red
stopper, seen in Figure 12, and pouring the stover into the reactor. As the solids
concentration increased, care was taken to ensure all dry corn stover was being mixed
into the slurry instead of accumulating on top by pushing dry solids into the slurry with a
spatula. The pH was maintained in the range of 4.5-5 with sodium hydroxide addition for
optimal enzyme activity. The overhead mixers were connected to a laptop computer with
Labworldsoft software (IKA, Wilmington, DE) installed, which allowed for the control of
mixer speed and torque data acquisition. The dual impeller was set to mix at 290 RPM.
Liquefaction runs were continued for a total of 24 hours. Liquefied material was stored in
plastic containers in a refrigerator at 4°C for downstream analysis.
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Biomass Pretreatment
Liquid hot water (LHW) pretreatment was carried out on both raw and liquefied
corn stover samples. Pretreatment was done in 316 stainless steel tubes with 1 inch OD x
0.083 inch wall thickness. The tubes were 6 inches in length and secured at each end with
1 inch Swagelok tube end fittings. The total volume that fits in each tube is 50 mL. The
total working volume for the pretreatments is always 33.75 mL consisting of a
combination of distilled water and corn stover material (Kim et al., 2009). The extra
space in the tube was left empty to allow for liquid expansion during the heating stage.
For raw corn stover pretreatments, each tube contained 3.36 g of dry corn stover and
19.45 mL of distilled water. This is the equivalent of a 10% (w/v) dry solids slurry. For
liquefied corn stover, a 15% (w/v) pretreatment was carried out, equivalent to the solids
concentration during liquefaction. The moisture content of liquefied corn stover was
determined with a moisture analyzer (Mettler Toledo, Columbus, OH). The total solids
concentration was found to be 15.5% (w/v), higher than the target liquefaction loading.
This could have been due to evaporation or slight errors in solids additions or moisture
analysis. Despite the higher solids content, the liquefied material was still pretreated
without dilution. No water was added to the liquefied corn stover and 33.75 g of wet
material was added to the pretreatment tube. Accounting for moisture, this was equal to
5.23 g of dry stover. For comparison purposes, a pretreatment of liquefied corn stover at a
solids concentration of 10% (w/v) was also carried out. This was done by adding 21.7 g
of wet material, the equivalent of 3.36 g of dry corn stover, to the pretreatment tube and
diluting with 12.05 mL of water to reach a 10% (w/v) solid loading. See Table 7 for a
summary of pretreatment conditions used for this study.
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Table 7. Summary of LHW pretreatment conditions.
Sample
10% Raw
10% Liquefied
15% Liquefied

% Solids (w/v)
10
10
15

Temperature (°C)
190
190
190

Time (min)
15
15
15

The pretreatment tube was sealed and placed in a Tecam SBL-1 fluidized sand bath
(Cole-Parmer, Vernon Hills, IL) at 190 °C for 15 minutes. This does not include a 5
minute tube heat-up time in the sand bath (Mosier et al., 2005) (Kim et al., 2009). The
tubes were then placed in a room-temperature water bucket for 5 minutes to allow the
tube and contents to cool. After 5 minutes, the tube could be handled safely and the end
fitting was removed.
Enzyme Hydrolysis
The moisture content of the pretreated material was found to be 15.7% (w/v). To
bring the concentration to 15% (w/v), 1 mL of sodium citrate buffer was added to the
material in preparation for the enzyme hydrolysis step. To prevent microbial
contamination of the sample, sodium azide was mixed with the small buffer solution to
be added so that the final concentration when combined with the pretreated corn stover
slurry would be 0.1% (w/v) sodium azide. Centrifuge tubes (1.5 mL) were filled with 1 g
of corn stover material so that 150 mg of dry stover was present. The enzyme used was
Cellic® CTec3 (Novozymes, Denmark), which contained the activities found in Table 8
below.
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Table 8. Enzyme profile for Cellic® CTec3.
Protein Concentration (mg/mL)
FPase (IU/mL)
Endoglucanase (IU/mL)
Cellobiohydrolase (IU/mL)
β-glucosidase (IU/mL)
Cellobiase (IU/mL)
Xylanase (IU/mL)
β-xylosidase (IU/mL)

246
59
3,595
4,214
47,977
50
9,614
765

The hydrolysis was carried out using an enzyme loading of 2.5 FPU/g glucan. The
concentration of glucan was taken as the total glucan per unit weight in liquefied corn
stover that had been pretreated. Tubes were placed in a VorTemp™ 56 shaking incubator
(Labnet International, Inc., Edison, NJ) at 50 °C rotating at 800 RPM. Tubes were
removed at 24, 48, and 72 hour intervals. Upon removal from the incubator, the tubes
were centrifuged at 15,000 RPM for 10 minutes. The supernatant was extracted and
diluted 10x in HPLC grade water and passed through a filter before transfering the
sample in an HPLC vial.
Analytical Methods
The following were analytical methods used during this study. SOPs and LAPs can
be found in detail in the appendix. For reference, see Table 9 below to match each
method with its SOP or LAP.
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Table 9. Analytical methods SOP and LAP reference list.
Procedure
Filter Paper Assay
CMCase Assay
(Endoglucanase)
β-glucosidase (CBU) Activity
Assay
Total Protein Analysis by
Pierce BCA Kit

SOP Number
SOP 1
SOP 2

NREL LAP
N/A
N/A

SOP 3

N/A

SOP 4

N/A
Preparation of
Samples for
Compositional
Analysis
Determination of
Extractives in
Biomass

Compositional Analysis of
Biomass

SOP 5

Determination of
Structural
Carbohydrates and
Lignin in Biomass
Determination of Ash
in Biomass

Particle Size Analysis
VI Creation in Labworldsoft®

SOP 6
SOP 7

3.8.1

Determination of
Sugars, Byproducts,
and Degradation
Products in Liquid
Fraction Process
Samples
N/A
N/A

Enzyme Assays

To determine the functionality of the enzyme Depol 692L (Biocatalysts, Batch
#:11687615, Wales, UK), specific activities were determined using standard enzyme
assays. The specific activities of interest were β-glucosidase (CBU), endoglucanase (IU),
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and cellulase (FPU). Total protein concentration was also determined using a Pierce™
BCA Kit. The assay procedures are detailed in SOPs 1-4. The activities can be found in
Table 9 below.
3.8.2

Viscosity Measurement Using Overhead Mixers

Working with slurries with high solids concentrations made traditional rheology
measurements with a viscometer or rheometer inconsistent. This was in part due to
particle settling, an inability to take representative or consistent samples from the
liquefaction beaker, and thickness of the slurry. Adapted from work done by Pimenova
and Hanley (2003), a method for viscosity measurements to be taken using overhead
mixers was developed. This method is used as a comparison tool between liquefaction
runs and viscosity data should not be compared to those retrieved by traditional
rheometers.
The overhead mixers in this study (IKA Eurostar power control-visc, Wilmington,
DE) included torque sensors inside to measure the rotational force being applied to the
impeller shaft. A picture of the mixer can be seen in Figure 15.
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Figure 15. Overhead mixer used for stirring and torque measurements.
This force is measured using rotational viscometers, which translate a torque
value required to maintain a constant rotational speed into a viscosity. This theory was
utilized to use the overhead mixers as a viscometer to track slurry viscosity. The mixers
in this work has specifications including a speed range of 50-2000 RPM and maximum
torque of 60 Ncm. Speed and torque measurement accuracy is ±3 RPM and ±6 Ncm
respectively.
To create a calibration curve to relate torque to viscosity, three general purpose
silicone fluids (Aldrich Chemical Company, Inc., Milwaukee, WI) with viscosities of 100
cP, 350 cP, and 500 cP were used. Individually, 300 mL of fluid was poured into one of
the 600 mL liquefaction beakers. First the oils were heated to 50 °C to simulate
liquefaction process conditions. Even though the oils are Newtonian fluids, viscosity is
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temperature dependent regardless of fluid properties. To determine the viscosity of the
oils at 50 °C, a DV-II Pro rotational viscometer (Brookfield Engineering, Middleboro,
MA) was used. Using a vane spindle (72), the viscosity of each oil was taken using all
programmable speeds. The average viscosity reading was taken to be the true viscosity of
the fluid at 50 °C. Next, the torque being applied while mixing each oil was tested. The
dual-impeller shaft was secured into the mixer and inserted into the silicone oil. The
temperature of the oil was brought to 50 °C. Using the Labworldsoft software, the mixer
was set to 290 RPM and torque measurements were gathered for 10 seconds (with data
being collected every half second). Since the silicone oils are Newtonian fluids, their
viscosity should be constant at all shear rates. Therefore, the viscosity of the silicone oil
was assumed to be equal to the value measured using the rotational viscometer. The
average torque from the 10 seconds of measurements was used as the true torque value.
Torque values were obtained every half second so a total of twenty torque measurements
were used for the average. Next, a torque vs. viscosity calibration curve was created to
allow for the prediction of viscosity from a measured torque value. Since liquefactions
were carried out in duplicate, each overhead mixer was tested separately and a calibration
curve was created for both. These are shown in Figure 16.
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Figure 16. Viscosity vs. torque relationship for the two overhead mixers used to carry out
duplicate corn stover liquefactions.
These curves were used to measure the viscosity of the corn stover slurry
continuously during liquefaction. Measurements were taken using Labworldsoft software
installed on a laptop and connected to the overhead mixers. See section 3.4.4 for process
control using Labworldsoft software.
3.8.3

Particle Size Analysis

Samples were taken from liquefaction beakers at various times during the reaction
and analyzed for particle size distribution. A sampling device fashioned out of a syringe,
plastic tubing, and clamp was used to make taking representative samples possible
(Figure 17).

52

Figure 17. Sampling device used for high solids sampling.
Approximately 1.5 mL samples were taken and stored in plastic tubes for analysis.
Particle size analysis was carried out using laser diffraction on a Malvern Mastersizer
2000 (Malvern, United Kingdom) equipped with the Hydro 2000S dispersion unit.
Sufficient water (used as the dispersant with a refractive index of 1.33) was added into
the dispersion unit. A slurry sample was inverted inside the plastic tube and added slowly
to the dispersion unit until an acceptable obscurity threshold was reached. If too much
sample was added and the obscuration threshold was exceeded, additional water could be
added to dilute the sample. Since corn stover is a heterogeneous feedstock, no universal
refractive index exists. Instead, the refractive index for cellulose (1.47) was used, as it is
the primary constituent found in corn stover. Using a stirrer speed of 2500 RPM, three
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separate readings were taken and averaged. A more detailed procedure can be found in
SOP 6.
3.8.4

Compositional Analysis of Corn Stover

Changes to corn stover composition were monitored according to standard NREL
LAPs, which are outlined in the SOP 5 in the appendix. These LAPs in their full form can
be downloaded from the NREL website. Raw corn stover was milled through a 40-mesh
screen and then subsequently analyzed. Liquefied corn stover was dried using a 45 °C
convection oven with care to ensure a representative sample was taken. This material was
then analyzed just as the raw corn stover. Pretreated material (either raw or liquefied) was
dried in a 45 °C convection oven and also analyzed for composition like the previous
materials.
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CHAPTER 4. RESULTS AND DISCUSSION

Raw Corn Stover Composition
After collection, the corn stover was analyzed for its composition as shown in
Table 10.
Table 10. Composition of raw corn stover used in this study.
Component
Glucan
Xylan
Arabinan
Acid Insoluble Lignin
Acid Soluble Lignin
Ash
Glucose
Xylose
Arabinose
Other Water Extractives
Ethanol Extractives
Total Mass Balance

% dry mass
41.8
20.1
1.3
17.4
1.0
1.4
0.0
0.0
0.0
14.0
6.5
103.5

The total glucan level calculated in this corn stover is higher than what most studies
have reported (see Table 11 below, which was reproduced from Table 2 for reference). At
41.8%, the glucan levels in this corn stover sample were 15% higher than the lowest
calculated glucan content in the studies outlined below. However, Aden et al., 2002 did
report corn stover with glucan levels in the 41% range. Xylan and total lignin
concentrations appear to be slightly higher or within the ranges calculated by all three
studies. Compared to Ximenes et al., (2013), ash content in this biomass was 10 fold less
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than what was found in that study. However, the ash content found here was closer to that
calculated in Templeton et al., (2009) where a range of 0.8-6.6% was reported.
Extractable material was in the range reported by Templeton et al., (2009).
Inconsistencies with the compositions found in the current literature were noted but were
not unexpected, since, corn stover being the heterogeneous feedstock it is, can vary
significantly in composition due to factors such as harvest year and growing environment
(Templeton, et al., 2009).
Table 11. Corn stover compositional variability.
Study
Aden, et al., (2002)
Templeton et al., (2009)
Weiss et al., (2010)

Glucan
29.0-41.0
26.5-37.6
32.4-35.5

Xylan
16.0-27.5
14.8-22.7
18.5-21.8

Lignin
14.0-30.0
11.2-17.8
11.2-14.9

Total Extractives
Not reported
5.7-30.8
8.0-11.3

Particle Size Distribution
Samples were taken every hour upon solids addition to the liquefaction beaker to
determine if there were changes to the particle size distribution. For the slurry with
enzyme added, samples were taken at all solid addition times as well as at 10 hr and 24 hr.
Due to the limited amount of free water in the control experiment, samples could not be
taken representatively after the final loading brought the solids concentration up to 11.6%,
which occurred at 6 hours. As the final time of solids addition for the control experiment,
a particle size distribution was found at 6 hours for both the control and the slurry being
liquefied with enzymes. The final particle size sample for the control experiment was
taken at 8 hours due to the difficulty of obtaining a representative sample. This was two
hours after the last solids loading for the control run and was the time of the last solids
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addition for the enzyme treated corn stover. Once the solids concentration reached 15%,
particle size analysis was carried out at 10 and 24 hours. Particle size distributions from
these tests can be seen in Figures 18-20.
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Figure 18. Particle size distribution for corn stover liquefactions with and without
enzyme at 6 hours. Wet particle size of raw corn stover was analyzed for comparison.
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Figure 19. Particle size distributions for the liquefaction and control experiments at 8
hours. The wet raw corn stover distribution was included for reference.
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Figure 20. Particle size distribution in the liquefied corn stover slurry at 15% (w/v) solids.
The time points refer to total liquefaction time, not the time after 15% solids was reached.
A shift in particle size distribution is seen between the liquefaction run and the
control run at 6 hours. This is also evidenced by the differences in average particle size,
which was 178 μm for the liquefied slurry and 198 μm for the control. The particle size
distribution for the control slurry was more similar to that of raw corn stover that was
milled through a 40 mesh screen. The average particle size of the wet starting material
was found to be 204 μm.
The average particle size in the control experiment increased to 222 μm without
the addition of any solids whereas the enzyme treated slurry with two more solids
additions decreased to 167 μm.
It is difficult to distinguish the differences between the particle size distributions
for liquefied corn stover as the experiment proceeds at 15% solids. The average particle
size 8, 10, and 24 hours were 167 µm, 165 µm, and 168 µm respectively. It should be
noted that this analysis was carried out using wet particles. Since the starting material
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was dry corn stover, a test was done to see if there was a shift in particle size between dry
40-mesh corn stover and corn stover that was suspended in buffer for 24 hours. These
results can be found in Figure 21.
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Figure 21. Particle size distributions for dry corn stover and wet corn stover that was
suspended in buffer solution for 24 hours.
There is a shift in average particle size between dry and wet 40-mesh corn stover
from 173 µm to 204 µm. This shift indicates the tendency for corn stover particles to
undergo swelling during the liquefaction process. Therefore, even though the final
average particle diameter for liquefied corn stover is close to the average particle size of
the starting dry corn stover, it is possible that swelling occurred over the course of
liquefaction, bringing the two particle characteristics closer together. This could also
have implications for why the particle size distribution didn’t appear to change after the
final solids loading was carried out at the 8 hour time point. Therefore, even if enzyme
action producing smaller particles was still occurring between 8 and 24 hours, the
swelling of the particles during this time made it appear that no change was apparent.
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Rheology Measurements
Torque readings were taken every half second for the duration of each liquefaction
run using a shear rate of 4.83 s-1, which corresponds to the mixing speed of 290 RPM
used continuously during liquefaction. This data was then translated into a viscosity
reading using the calibration curves described in Section 3.4.2. In Figure 22 is an hourly
average of the viscosity as calculated throughout liquefaction.

Figure 22. Average viscosity over 24 hours of mixing for corn stover slurries. The control
(no enzyme added) and 15% liquefaction (with enzymes) were both run in duplicate.
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The control experiment was carried out by adding corn stover using the same fedbatch strategy but with no enzyme loaded. A solids concentration of 11.7% (w/v) was
reached in the control runs. At this loading, the slurry was extremely thick with material
projecting up the beaker sides. To avoid over-exerting the motor on the overhead mixer,
it was decided that no additional solids would be added. Two additional solid loadings
occurred for the liquefaction run with enzyme to reach a final concentration of 15% (w/v).
Since loadings occurred hourly, the control experiment reached a maximum solids
concentration at 6 hours while the enzymatic liquefaction was loaded completely at 8
hours. Taking into account the viscosity profiles along the whole 24 hour time course, it
can be seen that the control experiment had a final viscosity of approximately 490 cP
while the enzymatic liquefaction ended with a viscosity of about 286 cP. While the
control run seemed to reach a peak viscosity and remain constant after no additional
solids were added, the liquefied slurry showed a downward trend in viscosity after the
final solids loading had been made. This could possibly be due to enzyme action
continuing to break down the biomass structure.
As reported by Dasari & Berson (2007), a smaller particle size distribution can
lead to a decrease in biomass slurry viscosity. As indicated by the analysis in the previous
section, a downward shift in particle size distribution is seen going from the control
experiment with no enzyme to the liquefaction slurry. The same trend is seen when
considering the two in relation to slurry viscosity. While this relationship does not appear
to be as pronounced as in the cited study, another factor has to be considered, which
involves the solids concentration in each slurry. The total dry solids added to the
liquefied corn stover slurry was 15% (w/v) while the solids loading only reached 11.6%
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(w/v) for the control experiment. Therefore, more dry biomass was present in the
liquefied corn stover slurry at equal liquid volume, which has been shown to increase
viscosity by Viamajala et al. (2009). However, the composition of raw corn stover versus
liquefied corn stover was shown to be different as outlined in the next section. Due to
changes in material properties, the solids concentration should be compared using total
insoluble solids. The total extractable material, determined via compositional analysis,
was used to determine the total soluble solids portion of raw and liquefied biomass. Raw
corn stover was found to contain approximately 79.5% insoluble solids while liquefied
corn stover, after 24 hours, was found to contain 54.6% insoluble solids. These values
were used to ‘correct’ the final dry solids loading and the insoluble solids concentrations
were related to slurry viscosity at the beginning and end of the experiment as seen in
Figure 23. The insoluble solids percentage for the raw biomass was used to correct the
control group loadings at both the beginning and end of the experiment since no
compositional analysis was carried out on the control experiment. It was assumed that no
significant compositional changes occurred. In addition, the initial composition of the
liquefied slurry was taken to be the same as the raw material. The initial viscosity versus
insoluble solids concentration point was taken at 1 hour since enough data had been
acquired for a viscosity measurement and it was assumed that very little in compositional
changes had occurred this early in the experiment.
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Figure 23. Viscosity versus insoluble solids concentration for the liquefaction and control
experiments.
Since total insoluble solids were determined via compositional analysis of the
biomass, only values for the beginning and end of the experiment were determined for
the liquefied corn stover. The final insoluble solids concentration for the liquefied
biomass was found to be 8.2% where the final insoluble solids concentration for the raw
biomass was found to be 9.2%. Therefore, the lower final viscosity measured for the
liquefied slurry (286 cP) over the control experiment (492 cP) could potentially be
explained in part due to its lower insoluble solids concentration. The decrease in
insoluble solids was due to changes in biomass composition as discussed in section 4.4.
Although there is a change in particle size between the liquefied and control slurries, it
does not appear to have as large an effect on slurry viscosity as insoluble solids
concentration. Even though a shift in average particle size of 65 µm is seen at 8 hours, it
is difficult to compare the two slurries with relation to particle size since the solids
loadings were different at that point in the experiment. Therefore, considering the data
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acquired during this study, it is most useful to relate viscosity to insoluble solids
concentration.
Composition of Liquefied Corn Stover
Liquefied corn stover was analyzed for its composition and compared to the
previously investigated raw corn stover. To obtain the composition, the 15% slurry
material was dried in a 45 °C convection oven to a 97% solids concentration before
analysis. The analysis can be found in Table 12. Values are reported on a dry weight
basis.
Table 12. Compositional analysis of liquefied corn stover. Corn stover was liquefied in a
15% (w/v) slurry for 24 hours and was not pretreated.
Component
Glucan
Xylan
Arabinan
Acid Insoluble Lignin
Acid Soluble Lignin
Ash
Glucose
Oligomeric Glucan
Xylose
Arabinose
Other Water Extractives
Ethanol Extractives
Total Mass Balance

% dry mass
21.0
13.7
2.1
11.1
0.6
6.0
7.1
1.7
3.6
3.2
23.7
6.1
99.9

When compared to the raw corn stover, the liquefied corn stover exhibits some
different structural properties. By the end of liquefaction, 7% of the total dry mass
detected was free glucose, which took away from the total glucan mass. Acid insoluble
lignin showed up as approximately 11% of the total mass as opposed to over 17% in the
raw feedstock. Another change of note is the increase in total water extractives in
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liquefied vs. raw corn stover from 13.95% to 25.43%. This could be due in part to the
loss seen in total lignin content. Tests for the presence of smaller chain glucan chains
revealed that approximately 1.72% (2.58 g/L) of the total mass could be accounted for
from oligomers, which could show up in the water extractives phase. The formation of
some glucose was not surprising given the detection of β-glucosidase within the enzyme
mixture. The remainder of the glucan that was lost from the raw corn stover was
unaccounted for. Ash content is also higher in liquefied material than raw corn stover.
This could be due to the ash not being solubilized during the liquefaction step and
making up a larger proportion of the total weight after liquefaction (Analysis of
Hydrolysis Residues, Celignis, 2016)
Pretreatment of Raw and Liquefied Material
LHW pretreatments were carried out on both raw and liquefied corn stover to
determine changes to composition. Note, in this section and subsequent ones, that solids
concentration is reported as total dry solids concentration and not insoluble solids. For
raw material, a 10% (w/v) pretreatment was carried out while both a 10% and 15% (w/v)
pretreatment were used for liquefied material. For raw biomass, a concentration of above
10% can result in charring due to a lack of free water. The biomass leaving the
liquefaction process had enough available free water to pretreat the material “as is”. This
is important since an ideal bioconversion system would allow the biomass to be
processed at one solids concentration for each subsequent unit operation to reduce the
amount of water and energy used. Even though the solids concentration was higher for
the 15% liquefied pretreatments, the tubes were easier to load than the raw stover being
loaded into tubes at 10% solids. The liquefied material did not need much mixing to
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achieve a homogenous slurry. Meanwhile, the raw material was more difficult to mix in
water and appeared to have less free water available. For subsequent compositional
analysis, the material was dried in a 45 °C convection oven to achieve a 97% solids
concentration. The compositional analysis results can be found in Table 13. The
compositions of raw and liquefied corn stover were included as reported earlier in this
document for ease of comparison. All values are reported on a dry weight basis.
Table 13. Compositional analysis of raw and liquefied corn stover before and after
LHW pretreatment..
Component
Raw
Raw,
Liquefied
Liquefied,
Pretreated
(15% w/v)
Pretreated (15%
(10% w/v)
w/v)
Glucan
41.8
43.0
21.0
23.2
Xylan
20.1
16.5
13.7
7.6
Arabinan
1.3
0.3
2.1
0.0
Acid Insoluble
17.4
15.6
11.1
10.0
Lignin
Acid Soluble
1.0
0.8
0.6
0.3
Lignin
Ash
1.4
1.2
6.0
7.0
Glucose
0.0
0.2
7.1
2.9
Xylose
0.0
0.1
3.6
2.3
Arabinose
0.0
0.0
3.2
4.7
Other Water
14.0
10.4
25.4
32.5
Extractives
Ethanol
6.5
5.8
6.1
9.9
Extractives
Total Mass
103.5
93.9
99.9
100.4
Balance
To determine the amount of total solids in different material phases, solids were
separated into flow through, washate, and filter cake phases using vacuum filtration.
Material was placed on a filter from the pretreatment tube. The material that flowed
through without any washing was considered ‘flow through’. Samples were then washed
with 150 mL of hot water. Figure 24 shows the solid material in each phase for raw and
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liquefied corn stover after LHW pretreatments. Images of these materials directly out of
the pretreatment tube can be seen in Figures 25 and 26.
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Figure 24. Solids distribution of raw and liquefied corn stover after LHW pretreatment.
Raw material was run at 10% solids while liquefied material was run at both 10% and 15%
solids. Values are fractions of total solids that were present in each phase.

Figure 25. Left: Raw, pretreated corn stover at 10% (w/v) solids loading. Right:
Liquefied, pretreated corn stover at 10% (w/v) solids loading. LHW pretreatment was
carried out at 190 °C for 15 minutes.
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Figure 26. Liquefied, pretreated corn stover at 15% (w/v) solids loading. LHW
pretreatment was carried out at 190 °C for 15 minutes.
From these images, it can be seen that at an equivalent total solids loading of 10%,
the liquefied corn stover exhibits different material properties than raw corn stover after
LHW pretreatment. While the raw corn stover resembled a thick, paste like material, the
liquefied corn stover was able to be poured out of the tube after pretreatment. As
examined previously, this is likely due to the difference in total insoluble solids leading
up to pretreatment. Before pretreatment, the raw material contained approximately 8.0%
(w/v) insoluble solids while the liquefied corn stover contained about 5.5% (w/v)
insoluble solids. This was calculated using the compositional data from Table 13 and
using extractive material and free sugars as soluble components. This change in material
properties was confirmed through the separation of solids into different phases. The
fraction of total solids that did not pass through the filter was 79.2% for raw, pretreated
material and 53.9% for liquefied, pretreated material. The remaining solids either flowed
through initially or were washed through the filter. This was not surprising considering
the soluble sugar concentrations detected in the liquefied corn stover. Even at a higher
solids loading of 15%, the liquefied corn stover had an increased percentage of solids
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pass through the filter over raw corn stover at 10% solids. In fact, the portion of solids
that remained on the filter was 54.6%, which was nearly the same as the liquefied
material pretreated at 10%. The differences between the two liquefied corn stover mass
balances was found in the amount of solids that were found in the flow through and
washate. The 10% liquefied pretreatment slurry had 25.1% of the solids flow through
initially while the 15% liquefied pretreatment slurry had only 9.4% flow through. This
discrepancy was expected by the material appearance from Figures 25 and 26. However,
the total solids that washed through the filter after flow through and washing was
approximately equal when the 15% liquefied pretreatment slurry was found to have 32.5%
of the total weight wash away to only 18.3% for the 10% slurry.
Enzyme Hydrolysis
Liquefied corn stover that was pretreated was analyzed for its digestibility using
Cellic® CTec3 for an enzyme hydrolysis. Hydrolysis was carried out using 15% (w/v)
solids loading and an enzyme loading of 2.5 FPU/g glucan. Total conversions of glucan
to glucose can be found in Figure 27.
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Figure 27. Conversion of glucan to glucose after enzyme hydrolysis of liquefied and
pretreated corn stover using a 15% (w/v) solids loading and a 2.5 FPU/g glucan enzyme
loading. The control experiment contained the same solids loading but no enzyme.
Enzyme hydrolysis was carried out in triplicate while the control was done in duplicate.
After 72 hours, liquefied and pretreated corn stover reached a conversion of 36.7%
after 72 hours. As indicated by the conversion seen in the control experiment, 12.7% can
be attributed to glucose formed before enzyme hydrolysis occurred. This conversion was
calculated based on the 4.95 g/L concentration of glucose detected in the control
experiment, most of which was present in the solution after pretreatment based on the
compositional analysis results. It should be noted that the hydrolysis experiment was not
optimized for any process conditions. Since these runs were done at 15% solids, the
slurry was very thick entering into the reaction tubes and ideal mixing did not occur at the
start of hydrolysis. In addition, a very small volume of enzyme was added to the slurry to
achieve the enzyme loading desired, which could affect substrate to enzyme contact.
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These results may provide a baseline for optimization studies on the enzymatic hydrolysis
of liquefied corn stover.
Since glucose was produced not only during enzyme hydrolysis but also during
liquefaction and pretreatment, an analysis of the total glucan to glucose conversion at
each processing step was carried out. This was done using the same method to determine
conversion during the hydrolysis step. The total glucan going into each processing step
was calculated during the compositional analysis as previously reported. The enzymatic
hydrolysis conversion was corrected for glucose not formed during the 72 hour
hydrolysis. The results are shown in Figure 28.
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Figure 28. Glucan to glucose conversion during corn stover liquefaction, LHW
pretreatment, and enzyme hydrolysis for 72 hours.
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The total process converted approximately 51.6% of the glucan to glucose. This was
a combination of 15.4%, 12.2%, and 24.0% conversions during the liquefaction,
pretreatment, and hydrolysis steps respectively. Since the conversions for the first two
steps (liquefaction and pretreatment) were based on compositional analysis data,
triplicate runs via HPLC are not available.
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CHAPTER 5. CONCLUSIONS

Summary
A liquefaction step before pretreatment has an effect on slurry viscosity as well as
on corn stover composition. Raw, 40-mesh, corn stover was treated with an
endoglucanase-rich enzyme cocktail at a solids loading of 150 g/L. The resulting slurry
exhibited improved mixing properties compared to corn stover not treated with enzymes,
as indicated by the lower apparent viscosity measured using an indirect torque to
viscosity relationship. This decrease in viscosity could be due in part to the lower
insoluble solids concentration in the enzyme containing slurry compared to the control.
Liquefied corn stover was found to have a significantly higher portion of total mass in the
small particle range after pretreatment when compared with raw, pretreated corn stover.
In addition, glucose was detected after both the liquefaction and pretreatment steps
whereas raw corn stover did not show high concentrations of glucose after pretreatment.
Slurry Rheology
The implementation of a liquefaction step before pretreatment shows potential for
improving slurry rheology. Corn stover undergoing a liquefaction step reached a solids
concentration of 15% (w/v) while raw corn stover without enzyme treatment only
reached a final solids loading of 11.6% (w/v). Despite the increased solids loading, the
enzyme treated slurry exhibited an apparent viscosity that was approximately 200 cP
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lower than the raw corn stover slurry using an indirect measurement technique after 24
hours of mixing. While particle size did not appear to have a large effect on slurry
viscosity, a relationship could exist between viscosity and insoluble solids concentration.
By the end of 24 hours, the liquefied slurry contained 8.2% (w/v) insoluble solids
compared with 9.2% (w/v) in the control. Therefore, despite more total solids being
added to the reactor (15% versus 11.6%) for enzyme treated corn stover over the control,
the total insoluble solids was less in the liquefied slurry.
The increase in total solids loading combined with lower slurry viscosity leading
into the pretreatment step would allow for higher ethanol yields downstream. This
appears to be the first study to carry out enzymatic liquefaction on agricultural biomass
before pretreatment. Further studies to optimize conditions such as enzyme loading and
processing time as well as maximize solids loading could make liquefaction of untreated
corn stover an even more promising processing technique.
Composition and Pretreatment of Liquefied Corn Stover
The presence of glucose was detected in the corn stover liquefaction slurry and
accounted for approximately 7% of the total mass. This was in addition to a drop in total
glucan from the raw corn stover. The liquefaction of untreated corn stover allowed for
LHW pretreatment to be carried out at increased solids loading over raw corn stover.
Pretreatment of raw and liquefied corn stover resulted in distinct changes to the material
properties as determined from vacuum filtration mass balance study. Raw corn stover
was found to retain 79.2% of the total solids on the filter after pretreatment at 10% solids,
where liquefied corn stover pretreated at 10% and 15% solids had only 53.9% and 54.6%
of the total solids remain on the filter respectively. The remaining solids were either

74
passed through as an initial flow through or during the washing step. The higher
proportion of smaller particles passing through the filter indicate improved slurry
rheology, which would likely result in lower costs associated with power consumption
due to mixing.
Enzyme Hydrolysis
Though not the primary focus of this work, hydrolysis of pretreated liquefied corn
stover showed the potential for glucose production. A total of 24% conversion from
glucan to glucose was achieved with hydrolysis occurring at a solids loading of 15% and
with no washing steps to remove inhibitors. This ability to process the slurry ‘as is’ from
one unit operation to the next could be beneficial to the economics of the process since
high solids concentrations could be achieved and no dilutions would need to occur.
Since the liquefaction step produced glucose itself, a conversion for each
conversion step was also carried out. The total process converted approximately 51.6% of
the glucan to glucose. This was a combination of 15.4%, 12.2%, and 24.0% conversions
during the liquefaction, pretreatment, and hydrolysis steps respectively. Further research
could allow for an optimized hydrolysis step to maximize glucose production.
Next Steps
5.5.1

Viscosity Measurements Compared to Literature

Since no literature appears to exist on the rheology of enzyme treated corn stover
slurries before pretreatment, viscosity measurements from this study can be compared
only to those determined for pretreated corn stover slurries. Pimenova and Hanley (2004)
tested slurries with corn stover particles having an average size of 120 µm and pretreated
with dilute acid. No tests were run at a 15% (w/v) solids loading as carried out in this
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work but slurries at solids loadings of 10% and 20% were measured to have viscosities of
approximately less than 1 cP and 25 cP respectively at a shear rate of about 4.8 s-1.
Viamajala et al., 2009 used untreated and dilute acid pretreated corn stover ground
through 20 and 80 mesh screens in their study on slurry rheology. Here, 80 mesh corn
stover slurries consistently resulted in decreased apparent viscosity values than the corn
stover slurries with 20 mesh particles. When using a shear rate of 4.8 s-1, the slurries had
maximum viscosities of approximately 600 cP, 550 cP, and 475 cP when pretreated at
room temperature, 170°C, and 190°C respectively. Maximum viscosities were
characterized as the viscosity where an increase in solids concentration no longer showed
an increase in viscosity. This occurred at solids concentrations equal to or greater than 20%
(w/v) for both 20 and 80 mesh slurries at all pretreatments. Pimenova and Hanley (2004)
measured rheology at 25°C while Viamajala et al., 2009 did so at 20°C. In this work,
viscosity measurements were taken at the process condition temperature of 50°C. While
an increase in temperature will result in a liquid of reduced apparent viscosity, Stickel, et
al., (2009) report not observing a large effect on rheological properties between a
temperature range of 25°C to 45°C. This study used dilute acid pretreated corn stover
ground through a 5.1 cm screen. This was an inter-laboratory study where viscosities in
the range of 700 cP for 17% insoluble solids and 800 cP for 20% insoluble solids were
reported at shear rates of approximately 4.8 s-1.
Viscosity measurements used in this study were determined via an indirect impeller
method with the intention of obtaining data that was comparable within the scope of this
study. This is to say that while viscosity trends were successfully obtained to compare
liquefied and unliquefied corn stover, these values cannot be readily compared to those
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present in the literature. Attempts were made to use rheometers for more quantitative data,
but obstacles such as taking representative samples and inconsistent measurements
prevented this method from being chosen. There is currently collaboration between work
being done in LORRE and material science to measure biomass slurry rheology in a more
quantitative manner. This involves torque measurements like those taken in this work but
with more precise instrumentation. This is currently being done with corn kernel slurries
but has potential for corn stover slurries as well. This would also allow for a full range of
shear rates to be tested whereas this study focused on the viscosity at the processing
mixing speed of 290 RPM. This is important to confirm the nature of liquefied corn
stover as being shear thinning or otherwise.
5.5.2

Enzyme Conditions

Enzyme conditions in this study were based on the work of Cunha et al., (2014).
Through personal communication with Dr. Eduardo Ximenes (LORRE), an enzyme
loading of 301 IU per gram dry corn stover was determined to be high enough for this
baseline study to observe the effects of enzymatic liquefaction before pretreatment. The
intention was to load the slurry with a high concentration of enzyme to ensure a reaction
would occur that would provide observable results when compared to the control run
with not enzyme addition. The high endoglucanase activity appeared to have had the
desired intent of breaking down the cellulose in untreated corn stover. Depol 692L is
derived from the two types of yeast, Trichoderma and Aspergillus. This gives the enzyme
cocktail a broader range of activities, including higher β-glucosidase activity, leading to
the glucose production seen during the liquefaction step. Cunha, et al., (2014) used the
enzyme Endoglucanase C, which had similar endoglucanase activity levels but lower β-
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glucosidase activity. Using this enzyme was not desired since it is no longer
commercially available. However, an enzyme cocktail with more similar properties to
Endoglucanase C could result in less glucose production during the liquefaction step.
Since no optimizations have been done on process conditions such as enzyme loading, it
is not known if an increase in enzyme loading would affect the liquefaction step. It would
be useful to run optimization experiments using lower enzyme loadings first to determine
if the slurry was truly ‘over loaded’ with enzyme.
5.5.3

Mixing and Flow Patterns

Mixing of the slurry was carried out with the dual impeller design as described.
This was based on work done by Corrêa et al., (2015) based on enzyme hydrolysis
performance of sugarcane bagasse. Since power consumption, viscosity, and sugar yields
were all favorable using this impeller design, it was chosen for this study as well.
However, no optimizations were done to determine optimal mixing speed or impeller size
during the liquefaction of untreated corn stover. To further the effectiveness of mixing,
an optimization of impeller speed should be carried out. This could be done in a manner
similar to Corrêa et al, (2015) where mixing time was used to optimize impeller speed.
Here, the pulse method was used where mixing time is determined as the time needed for
the slurry temperature to reach 95% of its value after having been removed from the
slurry. No analysis of the fluid flow was done in this study. Although the impellers used
in this study were designed to promote axial flow, no confirmation was carried out to
determine if the flow patterns changed with solids concentration increases or if any
stagnant regions in the reactor existed. One way to predict fluid flow would be using
computational fluid dynamics modeling. Studies like those done by Zhang et al., (2014)
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can be used as a template for modeling corn stover slurry properties. This study looked at
dilute acid pretreated corn stover at high solids loadings (up to 50%) mixed with a helical
ribbon impeller.
5.5.4

Particle Size and Swelling Considerations

In terms of particle size analysis, no clear trend was found between viscosity and
average particle size or particle size distribution. It was difficult to compare the control to
the liquefaction run in this case since the two slurries had different solids concentrations
for the majority of the run. Also, it was anticipated that an increased solids concentration
was going to have the major influence on particle size during the fed batch solids addition
portion of the experience. Some of this relationship could be lost due to phenomena such
as particle swelling during liquefaction. It was observed that an increase in particle size
occurred upon raw corn stover being suspended in buffer solution for 24 hours. When
trying to measure particle size over time during liquefaction, it appeared that no change
to the distribution was occurring over the final 16 hours of liquefaction even though a
drop in viscosity was observed. However, due to swelling, there could have been changes
occurring in particle size that were not readily apparent. It is difficult to determine the
exact quantitative effect on particle size distribution that swelling has. However, this
phenomena should be considered to occur since it is a natural process. Water will
penetrate any polymer chains within the biomass, which will result in swelling (Beecher
et al., 2009). This swelling effect will not be consistent throughout all components of
biomass. According to Beecher et al., (2009), lignin, cellulose, and hemicellulose within
wood absorb water at 0.60, 0.92, and 1.56 times respectively when compared to dry wood.
The maximum amount of water that biomass can absorb is known as fiber saturation
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point (FSP), which can change depending on mechanical action (mixing) and chemical
treatment (enzyme action) (Beecher et al., 2009). In the case of liquefaction, cellulose is
being converted into smaller chain polymers, which makes it easier for water to penetrate
the polymer chains. In addition, the level of swelling can be different depending on the
crystallinity of cellulose since water cannot physically enter cellulose crystals (Beecher et
al., 2009). Therefore, as cellulose is being hydrolyzed (like during liquefaction), the FSP
of cellulose will change. To accurately determine swelling effects throughout the
liquefaction process, composition of the biomass at various times during experiment will
need to be determined so that more accurate relationships between particle size and
viscosity can be determined.
5.5.5

Fed-Batch Strategy

The fed-batch addition of corn stover for this liquefaction experiment was not
optimized for timing of addition or weight of stover added for each addition. Hodge et al.,
(2009) attempted to create a model-based fed-batch approach to address the lack of
optimization studies in the literature pertaining to the fed-batch hydrolysis of biomass.
This model takes into account the rheological obstacles that arise from high solids
loadings. Therefore, the strategy will ensure adequate mass transfer can occur within the
stirred reactor. Using a method like the one described in Hodge et al., (2009) would allow
for an improved fed-batch strategy during liquefaction. It would allow the strategy to be
tuned for variables such as enzyme loading and could be used for purposes such as
keeping the total insoluble solids concentration constant throughout the liquefaction run.
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APPENDIX

Standard Operating Procedures (SOPs)
Summary of Major Variables
ODWsample = Oven dry weight of the biomass being analyzed. This value will be
determined using the moisture content of the sample. Use the moisture analyzer unless
another method for moisture content calculation is desired.
A.1 SOP 1 – Filter Paper Assay for Saccharifying Cellulase
This procedure is adapted from the USDA protocol for enzyme activity determination.
Substrate:
Whatman No. 1 filter paper strip, 1.0 x 6.0 cm.
DNA Preparation:
Dissolve 10 g of dinitrosalicylic acid, 16 g sodium hydroxide, and 300 g potassium
sodium tartarate in 1.0 L deionized water. Stir until dissolved. Store in a brown glass
bottle to avoid degradation due to light.
Procedure:
1. Add 1.0 mL sodium acetate buffer (50 mM), pH 4.8, to a test tube that has a
volume of at least 25 mL.
2. Add 0.5 mL of the enzyme to be tested at an appropriate dilution.
3. Add one cut filter paper strip. Make sure the filter paper is mostly submerged in
liquid. It can be pushed down further into the tube if it “winds” up the side.
4. Incubate the tubes at 50 °C for 60 minutes.
5. Add 3.0 mL DNS. Mix.
6. Boil tubes for 5 minutes.
7. Add 20 mL deionized water and mix by inverting the tubes several times.
8. Leave the tubes on the bench to allow the generated pulp to settle for
approximately 20 min.

87
9. Measure the absorbance of the supernatant at 540 nm in a spectrometer using a
cuvette.
Unit Calculation:
1. Construct a linear glucose standard curve using known concentrations of
glucose.
2. Using this standard, translate the absorbance values of the actual samples into
glucose.
3. Account for the dilutions used for your enzyme preparation.
4. Estimate the concentration of enzyme which would have released exactly 2.0
mg of glucose by plotting glucose liberated against enzyme concentration on a
semilog scale.
5. Calculate FPU activity
FPU = 0.37/(enzyme concentration to release 2.0 mg glucose)
Derivation of the FPU unit:
The FPU unit is based on the International Unit (IU).
1 IU = 1 μmol min-1 of substrate converted = 1 μmol min-1 of glucose formed during
hydrolysis
= 0.18 mg min-1 when the product is glucose.
The absolute amount of glucose released in the FPU assay at the critical dilution is 2.0
mg
This amount of glucose was produced by 0.5 mL enzyme in 60 min of the heating step.
2 mg glucose = 2/0.18 x 0.5 x 60 μmol min-1 mL-1 ( IU/mL) = 0.37 μmol min-1 mL-1
(IU/mL)
Therefore, the estimated amount of enzyme which releases 2.0 mg glucose in the FPU
reaction contains 0.37 units.
Source: Mandels, M., Andreotti, R., and Roche, C. 1976. Biotechnol. Bioeng. Symp., 6,
17-34.
A.2 SOP 2 – CMCase Assay (Endoglucanase)
Substrate:
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Weigh 10g carboximethilcellulose (CMC) and add it to 500 mL of distilled water to make
a 2% CMC solution. Keep the solution at 4 °C. For the assay, dilute the 2% solution to 1%
in 50 mM sodium acetate buffer, pH 4.8.
Assay:
1. Add 50 μL of appropriately diluted enzyme to 200 μL 1% CMC in a test tube.
2. Incubate for 15 minutes at 50 °C.
3. Stop the reaction by adding 1.0 mL DNS reagent (see SOP 1 for DNS preparation
protocol).
4. Boil tubes for 5 minutes.
5. Measure the absorbance at 540 nm using a spectrometer.
6. A control should be run with no enzyme added.
Glucose Standard Preparation:
Weigh 10 g anhydrous D-glucose and dissolve in 1.0L 50 mM sodium acetate buffer. Use
the following table to create a standard glucose curve.
Table 14. Glucose standard preparation.
1% CMC
working
suspension
(μL)
Glucose
solution
(μL)
50 mM
sodium
acetate
buffer (μL)
Total
glucose
(ug)

1
200

2
200

3
200

4
200

5
200

6
200

0

2

3

5

10

15

50

48

47

45

40

35

0

20

30

50

100

150

Activity Calculation:
CMCase activity = (amount of glucose equivalent produced / 180 / 15 / 0.05) x dilution
factor.
Where 180 is a conversion factor to μmoles from ug, 15 is a conversion to per minute,
and 0.05 is related to 50 μL of enzyme used.
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A.3 SOP 3 – β-glucosidase (CBU) Activity Assay
Reagents:
10 mM pNpbetaglucopyranoside
1 M sodium carbonate
Assay:
1. Fill a 5 mL test tube with 100 μL of sample (enzyme or other that has been
appropriately diluted) or a blank.
2. Add 100 μL of 10 mM pNpbetaglucopyranoside and mix.
3. Incubate tubes at 50 °C for 15 minutes in a water bath.
4. Add 2 mL of 1 M sodium carbonate.
5. Measure the absorbance at 410 nm using a spectrometer with water as a “zero”.
Subtract the absorbance in the blank tube from the absorbance readings of your
samples. Make measurements within 10 minutes of cooling.

A.4 SOP 4 – Total Protein Analysis by Pierce BCA Kit
Reagents:
Working Reagent (WR) preparation: Mix 50 parts BCA Reagnt A with 1 part of BCA
Reagent B. Usually volumes of 300 mL A + 6 mL B, or 200 mL A + 4 mL B will be
enough.
Assay:
1. Fill a 5 mL test tube with 100 μL of sample (enzyme or other that has been
appropriately diluted) or a blank.
2. Add 2.0 WR to each tube and mix. The solution will likely be green in color.
3. Incubate the tubes at 37 °C for 30 minutes. The solution will turn purple in color.
4. Cool the tubes to room temperature.
5. Measure the absorbance at 562 nm using a spectrometer with water as a “zero”.
Subtract the absorbance in the blank tube from the absorbance readings of your
samples. Make measurements within 10 minutes of cooling.
6. Determine total protein using a standard curve.
Calibration Curve:
Use diluted BSA from the Pierce BCA kit to use as a standard to build the calibration
curve as described below.
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Table 15. Protein calibration curve.
Vial
B
C
D

Volume of Diluent
(μL)
125
325
175

E

325

F

325

G

325

H

400

I

400

Volume of BSA
(μL)
375 of stock
325 of stock
175 of vial B
dilution
325 of vial C
dilution
325 of vial E
dilution
325 of vial F
dilution
100 of vial G
dilution
0

Final BSA Conc.
(μg/mL)
1500
1000
750
500
250
125
25
0

A.5 SOP 5 – Compositional Analysis of Biomass
The following protocols are adapted from the National Renewable Energy Laboratory
(NREL) Laboratory Analytical Procedures (LAPs). The four LAPs outlined below were
the only ones utilized for this study. See the NREL LAPs for more detailed or additional
protocols.
Preparation of Samples of Compositional Analysis:
1. Dry biomass to a moisture content of below 10% in a 45 °C convection oven
(minimum of 3 hours but your samples can remain in the oven for long periods of
time as long as the temperature doesn’t exceed 45 °C). Use a moisture balance
(Mettler Toledo, Columbus, OH) to measure the total solids in your sample. Make
sure your samples have dimensions less than 5 by 5 by 0.6 cm.
2. Mill your biomass though a 2 mm screen.
Determination of Extractives in Biomass (water and ethanol):
1. Mill at least 2 g biomass through a 40 mesh screen. Usually approximately 4-5 g
of material is necessary to add to the extraction thimble and an additional 1 g for
ashing. Measure moisture of your milled biomass in duplicate.
2. Dry round bottom boiling flasks and Soxhlet glassware in a 105 °C drying oven
for a minimum of 12 hours. Remove the glassware and allow it to come to room
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temperature in a desiccator. Add boiling chips to the flasks, label clearly, and
record the oven dry weight (ODW) to the nearest 0.1 mg.
3. Add 2-10 g of sample to a tared extraction thimble. Record the weight to the
nearest 0.1 mg. The amount of sample necessary will depend on the bulk density
of the biomass. Insert the thimble into the Soxhlet apparatus.
4. Add 190 mL ± 5 mL of HPLC grade water to a round bottom flask. Record the
weight after water addition. Insert the flask on the Soxhlet apparatus and put them
in the heating mantle and secure to the water circulation glass portion. Turn on
heating mantles to achieve 4-5 siphon cycles per hour at least.
5. Reflux for 6-24 hours.
6. Turn off heating mantles and allow glass to cool to room temperature. Remove
round bottom flask and pour any water remaining in the Soxhlet tube in to the
flask without the thimble slipping out. Cap and store flask in a 4 °C refrigerator.
7. Add 190 mL ± 5 mL 190 proof ethanol to a second round bottom flask. Place the
flask on the Soxhlet apparatus as before and adjust the heating mantles to achieve
6-10 siphon cycles per hour at least.
8. Reflux for 16-24 hours.
9. Turn off heating mantles and cool to room temperature. Pour any remaining
ethanol into the flask and cap it for the refrigerator.
10. Remove the thimble and place sample in a 45 °C oven to dry.
11. Use a rotary evaporator to remove the solvent from both the water and ethanol
extraction flasks. Set the water bath to a temperature of 80 °C for the water flask
and 60 °C for the ethanol flask. Attach a receiving flask to the bottom of the
condenser and turn on the cold water. Turn on the vacuum pump and slowly raise
the pressure until a slow rolling boil is achieved. Evaporate as much solvent as
possible.
12. Place the flasks in a convection oven at 45 °C overnight. Cool to room
temperature in a desiccator and weigh the flasks to 0.1 mg. Record this value to
be used as your weight of the flask plus extractives.
Determination of Structural Carbohydrates and Lignin in Biomass:
1. Place an appropriate number of filtering crucibles in the muffle furnace at 575 ±
25 °C for a minimum of four hours. Do each analysis in triplicate at least and put
more crucibles in the furnace than you will need in order to ensure enough
crucibles will have a constant weight. Remove the crucibles from the furnace
directly into a desiccator and cool for a specific period of time (at least 20
minutes).
2. Weigh the crucibles to the nearest 0.1 mg and record this weight.
3. Place the crucible back into the muffle furnace at 575 ± 25 °C and ash to constant
weight. Constant weight is defined as less than ± 0.3 mg change in the weight
upon one hour of re-heating the crucible.
4. Weigh 300.0 ± 10.0 mg of the extractive-free biomass into a pressure tube.
Record the weight to the nearest 0.1 mg. Measure the moisture content of the
biomass in the moisture analyzer in at least duplicate.
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5. Add 3.00 ± 0.01 mL of 72% sulfuric acid to each pressure tube. Use a stir rod to
mix for one minute, or until the sample is thoroughly mixed.
6. Place the pressure tube in a water bath set at 30 ± 3 °C and incubate the sample
for 60 minutes. Using the stir rod, stir the sample every 5 to 10 minutes without
removing the sample from the bath.
7. Remove the tubes from the water bath and dilute the acid to a 4% concentration
by adding 84.00 ± 0.04 mL deionized water. Screw the Teflon caps on securely.
Mix the sample by inverting the tube several times to eliminate phase separation
between high and low concentration acid layers.
8. Place pressure tubes in the autoclave for one hour at 121 °C on the liquid cycle.
9. Remove tubes from the autoclave with gloves and allow them to cool to room
temperature before removing the caps.
10. Vacuum filter the hydrolysis solution though one of the previously weighed
filtering crucibles. Capture the filtrate in a receiving flask. Make sure to get all the
solids off the sides of the tube using a stir rod.
11. Remove the filtrate and store in a storage tube. This sample will be used for
determination of acid soluble lignin and carbohydrates. You must complete the
acid soluble lignin analysis within 6 hours of hydrolysis.
12. Use deionized water to transfer any remaining solids from the tube onto the filter.
Wash the solids with at least 50 mL of water. Use hot water for faster filtration
times.
13. Put each filtering crucible in a 105 °C oven until a constant weight is achieved (at
least four hours).
14. Determine acid insoluble lignin content by taking the absorbance of each sample
in duplicate at 320 nm.
15. Use deionized water of 4% sulfuric acid as a blank. Use the sulfuric acid if no
dilution of the sample is necessary. If dilution is necessary, use the same liquid as
a blank as you dilute with.
16. Dilute the samples as necessary to achieve an absorbance in the range of 0.7-1.0.
Calculate the amount of acid soluble lignin according to the equations at the end
of this section.
17. Using a syringe, transfer at least 1.0 mL of the filtrate from step 11 to an HPLC
sampling vial. Be sure to fit a 0.2 μm filter to the syringe before discharging the
sample into the vial.
18. Analyze samples via HPLC. See step 10.4 in the NREL LAP referenced at the
beginning of this SOP for calibration standard preparation and HPLC operating
procedures.
19. When the crucibles in the 105 °C oven have dried, cool them in a desiccator.
Record the weight to the nearest 0.1 mg.
20. Using Bunsen burners and a clay triangle on a stand, ash the crucible contents
until no more smoke is present. Do this process near a fume hood to reduce the
amount of smoke entering the lab.
21. Carefully transfer the filtering crucibles to the 575 °C muffle furnace and leave
them there for 24 ± 6 hours. Cool samples in a desiccator for a specific amount of
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time and weight to the nearest 0.1 mg. Return the crucibles to the furnace for at
least 1 hour and repeat until they reach a constant weight.
Determination of Ash in Biomass:
1. Place an appropriate number of ashing crucibles in the muffle furnace at 575 ±
25 °C for a minimum of four hours. Do each analysis in triplicate at least and put
more crucibles in the furnace than you will need in order to ensure enough
crucibles will have a constant weight. Remove the crucibles from the furnace
directly into a desiccator and cool for a specific period of time (at least 20
minutes).
2. Weigh 0.5 – 2.0 g of biomass for each crucible. Use biomass that has been milled
through a 40 mesh screen. Do not use extractive free material since some ash can
be removed during the extraction process.
3. Determine the total solids concentration using the moisture analyzer (duplicate).
4. Using Bunsen burners and a clay triangle on a stand, ash the crucible contents
until no more smoke is present. Do this process near a fume hood to reduce the
amount of smoke entering the lab.
5. Carefully transfer the filtering crucibles to the 575 °C muffle furnace and leave
them there for 24 ± 6 hours. Cool samples in a desiccator for a specific amount of
time and weight to the nearest 0.1 mg. Return the crucibles to the furnace for at
least 1 hour and repeat until they reach a constant weight.
Determination of Sugars, Byproducts, and Degradation Products in Liquid Fraction
Process Samples
1. First analyze the sample for monomeric sugars and cellobiose. Centrifuge an
appropriate amount of sample in a large centrifuge at 10,000 RPM for 10 min.
2. Decant the liquid portion into a beaker.
3. Record the pH of the sample. If it’s less than 5, add calcium carbonate to
neutralize the sample to a pH of 5-6.
4. Allow the sample to settle and then decant off the clear liquid on top.
5. Pass the sample into HPLC vials through a 0.2 micron filter.
6. Next analyze the sample for oligomers and monomers. Centrifuge an
appropriate amount of sample as before.
7. Pipette duplicate aliquots of sample into a pressure tube. This can be done in 5,
10, or 20 mL aliquots.
8. Measure the pH of the sample. Refer to the end of the NREL LAP for a
reference guide for how much 72% w/w sulfuric acid to add to the sample to
dilute it to 4%. This will be based on the volume of aliquot you chose and the
pH. Add the required acid and swirl. Screw the tubes shut.
9. Autoclave the tubes for 1 hour at 121°C on the liquids setting. After the
autoclave cycle, allow the tubes to cool to room temperature before taking off
the lids.
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10. Use calcium carbonate to bring the pH to 5-6. Allow the sample to settle and
decant the clear liquid.
11. Pass the sample into HPLC vials through a 0.2 micron filter.
12. Carry out HPLC analysis on all samples to determine sugar concentrations.
13. Use equation 8 to determine sugar concentrations.
Calculations:
NOTE: There exists a LORRE excel template with the following calculations built in to
make the calculations easily reproducible. Always check the template for accuracy:
1. Amount of extractives in sample.
%𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓+𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎
𝑥𝑥
𝑥𝑥100
=
𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
2. Weight percent acid insoluble residue (AIR) and acid insoluble lignin (AIL) on an
extractives free basis.

%𝐴𝐴𝐴𝐴𝐴𝐴 =

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑥𝑥100
𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

%𝐴𝐴𝐴𝐴𝐴𝐴
(𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) − (𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑎𝑎𝑎𝑎ℎ − 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )
=
𝑥𝑥100
𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
Note: The weight of protein term was dropped from the equation reported above since the
concentration of protein in corn stover feedstocks is very minor.

3. Amount of acid soluble lignin (ASL) on an extractive free basis.

%𝐴𝐴𝐴𝐴𝐴𝐴 =

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑥𝑥 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑥𝑥 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑜𝑜𝑜𝑜
𝑥𝑥 100
∈ 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑥𝑥 𝑃𝑃𝑃𝑃𝑃𝑃ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ

Where:
UVabs = average absorbance value for each sample at 320 nm.
Volumefiltrate = 86.73 mL (Volume of hydrolysis liquor)
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ε = Absorptivity of biomass at a specific wavelength. 30 L/ g cm is recommended
for corn stover.
Pathlength = pathlength of UV-Vis cell in cm.

4. Amount of lignin on an extractive free basis.
%𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = %𝐴𝐴𝐴𝐴𝐴𝐴 + %𝐴𝐴𝐴𝐴𝐴𝐴

5. Amount of lignin on an as received basis.

%𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = �%𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑥𝑥

(100 − %𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)
100

6. Amount of each calibration verification standard (CVS) recovered during HPLC
analysis. Do this after creating a calibration curve for each sugar to be analyzed
using linear regression. Use the curves to determine the sugar concentration in
mg/mL and correct for dilution.

%𝐶𝐶𝐶𝐶𝐶𝐶 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚
𝑥𝑥 100
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚

7. Amount of carbohydrate recovered after dilute acid hydrolysis. Account for
dilution.

%𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚
𝑥𝑥 100
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦, 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚

8. Concentration of recovered sugars. Use the recovery percentage found in step 7 to
correct the concentrations reported in the HPLC readout.

𝐶𝐶𝑥𝑥 =

𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑥𝑥 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
%𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 / 100

Where:
CHPLC = conc. Of a sugar as determined by HPLC, mg/mL
% Ravg sugar = average recovery of a specific sugar recovery standard component.
Cx = concentration in mg/mL of a sugar in the hydrolyzed sample after correction
for loss on 4% hydrolysis.
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9. Concentration of polymeric sugars using the anhydro correction. Use 0.88 for C-5
sugars and 0.9 for C-6 sugars.
𝐶𝐶𝑎𝑎𝑎𝑎ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐶𝐶𝑥𝑥 𝑥𝑥 𝐴𝐴𝐴𝐴ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

10. Percentage of sugars on an extractive free basis.

%𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

1 𝑔𝑔
𝐶𝐶𝑎𝑎𝑎𝑎ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑥𝑥 𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑥𝑥 1000 𝑚𝑚𝑚𝑚
=
𝑥𝑥 100
𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Where:
Vfiltrate = volume of the filtrate = 86.73 mL.

11. Percentage of sugars on an as received basis.

%𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �%𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �𝑥𝑥

12. Percentage of ash on an ODW basis.

%𝐴𝐴𝐴𝐴𝐴𝐴 =

(100 − %𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)
100

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑎𝑎𝑎𝑎ℎ − 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑥𝑥 100
𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

13. Reporting the relative percent difference (RPD) between two samples.
(𝑋𝑋1 − 𝑋𝑋2 )
𝑅𝑅𝑅𝑅𝑅𝑅 = �
� 𝑥𝑥 100
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

Where:
X1 and X2 = measured values
Xmean = the mean of X1 and X2

14. Reporting the root mean square deviation (RMS dev) or the standard deviation (st
dev) of the samples.

𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑥𝑥𝑚𝑚 = �(

∑𝑛𝑛1 𝑥𝑥 2
)
𝑛𝑛
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∑𝑛𝑛1(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑚𝑚 )2
�
𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜎𝜎 =
𝑛𝑛

Where:
Xm = the root mean square of all x values in a set
n = number of samples in a set
Xi = a measured value in a set

A.6 SOP 6 – Particle Size Analysis
Materials:
• Malvern Mastersizer 2000S Particle Size Analyzer
• Biomass sample in a 1.5 mL tube
• Waste disposal container
Procedure:
1. Turn on the optical bench at least 30 minutes prior to use.
2. Place a waste disposal container on the floor behind the machine and place the
waste hose inside.
3. Turn on the dispersion unit. In this case, use the Hydro 2000S unit.
4. Open the Malvern Mastersizer software on the computer connected to the
instrument.
5. On the toolbar, go to Measure > Manual. The measurement display will
appear. If there is any confusion in what the next step is, look to the yellow
box in the bottom left corner for directions.
6. Label the sample by going to Documentation > Labels.
7. Specify the sample material and dispersant by going to Options > Material. In
this case, the refractive index used was for cellulose since it is the primary
constituent in corn stover. Water was used as the dispersant.
8. Select the Measurement tab. Change both the Sample Measurement Time and
Background Measurement Time to five seconds.
9. Open the Accessories tab and click the Fill option.
10. Fill the Hydro 2000S unit with distilled water until a click is heard.
11. In Accessories, set the pump speed to 2500 RPM. Click the Clean option and
let the dispersion unit drain.
12. Pour more water into the unit until a click is heard. The clean cycle will now
initiate with ultrasound pulses and a revving of the pump speed from
maximum to stationary.
13. Once the pump speed returns to 2500 RPM, click the Measure Background
tab and then click Start on the toolbar.
14. Once the background has been taken, carefully add sample to the front of the
dispersion unit until the obscuration is in range (indicated on the measurement
display), and then click start. If too much sample is added and the obscuration
is out of range, add more water to dilute the sample.
15. Wait for the measurement to complete. The results will be stored. Click on the
Measure background tab and repeat the clean cycle for additional samples.
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16. To clean the instrument after use, drain the dispersant into the liquid waste
disposal container by clicking Drain under the Accessories tab.
17. Complete at least two cleaning cycles with water and then drain the machine
again.
18. Turn off the optical unit and dispersion unit.
19. To export the particle size distribution data to Excel, copy and paste the
results entry from the main screen into an Excel spreadsheet. Save the data to
a flash drive.
A.7 SOP 7 – VI Creation in Labworldsoft®
Materials:
• PC computer with Labworldsoft® installed. The Dell Latitude in LORRE has
this program installed.
• IKA Eurostar Power control-visc overhead mixers.
• Connector cords.
NOTE: See Figure 10 in the Materials and Methods section for a screenshot of the
finished VI.
Procedure:
1. Turn on computer and open Labworldsoft®.
2. You will see a blank dashboard with an instrument toolbar to the right.
3. Click on the Rated Value instrument from this instrument toolbar.
4. Click on the Laboratory Instruments option at the top toolbar and click IKA
Werke. Scroll down to IKA Eurostar Power control-visc and select it.
5. Double click on the Eurostar VI you just created. Check the Rated Speed
option on the Control terminal and check the Rated Speed and Torque Trend
options on the Measured Values terminal. Click Ok.
6. Connect the Rated Value VI to the Eurostar VI by clicking on the Rated Value
terminal and dragging the line to the 1 terminal on the left hand side of the
Eurostar VI.
7. Click on the Digital Instrument from the instrument toolbar. Double click the
instrument and rename it “Speed”. Click Ok.
8. Connect the top right terminal on the Eurostar VI to the terminal on the Speed
VI.
9. Create a second Digital Instrument from the instrument toolbar and rename it
Torque. Change the units to Ncm .
10. Connect the bottom right terminal on the Eurostar VI to the terminal on the
Torque VI.
11. Create a Write VI from the instrument toolbar. This will allow you to write
your data to an Excel file.
12. Double click the Write VI and change the units to Ncm. Click on Path and
create a file name for the data to be written to. You should change this every
time you want to run an experiment.
13. Connect the bottom right terminal on the Eurostar VI to the terminal on the
Write VI.
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14. This is your completed VI. To run your VI, click the black arrow at the far left
of the toolbar. An Excel spreadsheet should open in the background to begin
recording your data.
IMPORTANT NOTES:
1. To set your speed, use the speed control panel that should have appeared when
you created your Speed VI. It may be minimized at the bottom of the screen.
2. To connect the mixer to the computer, use the connector that plugs into the
back of the mixer to the USB port of the laptop. Depending on which port you
use, you will have to alter your VI slightly. To do this, double click on the
Eurostar VI and click the Port list. Ports that have been connected to a mixer
will show up here and you should select the appropriate port.
3. To run multiple mixers at once, use the same VI but open it twice. To do this,
save two versions of the VI. Open the first one and then relaunch
Labworldsoft® and open the second version of the VI. Make sure the file
names are different so you don’t overwrite a file. Also make sure that the
ports are correctly assigned. You will be using two different ports if two
mixers are simultaneously connected to the computer. Test your VI to make
sure you know which of the two corresponds to which mixer. Now you are
ready to run your experiment and have your VI acquire data.
4. If the computer enters sleep mode, the Labworldsoft® software can stop
working and data will stop being recorded. To prevent this, temporarily
change your computer’s display settings to keep the computer awake for the
duration of your runs. The display can turn black and the software will keep
on working. Just make sure the computer doesn’t enter sleep mode.

